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Abstract 
 
Endocrine disrupting compounds (EDCs) are prevalent in the environment and affect both 
animals and humans. They cause serious concerns for individuals and populations because they 
impact reproduction by interfering with the hypothalamic-pituitary-gonadal axis (HPG axis).  
This changes fecundity at the organismal and population level, potentially leading to population 
crashes. Development of chemicals for agricultural, industrial, and personal use has led to over 
80,000 chemicals with unknown endocrine action. Numerous in vivo and in vitro testing methods 
have been developed to screen these chemicals. However, extrapolation of in vitro studies to in 
vivo action is not always accurate. The aim of this research were to develop a tissue co-culture of 
the fathead minnow (Pimphales promelas) HPG axis and liver to serve as an in vitro system that 
reproduces the interaction of the fathead minnow HPG axis in vivo. This model system was 
tested by evaluating the effects of a known EDC, trenbolone acetate (TRB), with the hypothesis 
that the responses would correlate with those of the HPG in an intact fish. 
Brain (hypothalamus), pituitary, gonad, and liver tissue were removed from euthanized adult 
male and female fathead minnow and sliced. Slices were exposed to various culture treatments 
including media type, serum type, incubation temperature, pH, culture surface, and media change 
frequency. Tissue viability was measured at 7 or 28 days for each experiment using the MTT 
assay for cell viability. A culture was considered successful when tissue viability averaged 80% 
or higher by the end of the culture period. It was hypothesized that the HPG-L tissues would 
maintain ≥80% viability after 28 days in culture if a combination of media and conditions 
including temperature, pH, substrate, and handling time were selected for highest tissue viability. 
All tissues were subsequently cultured and evaluated in this well-defined combination of selected 
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conditions. Hormone treatments were used to test function of the tissues by adding hormones to 
media weekly during a 28 day culture. Liver was dosed with 208 pg/mL estradiol (E2), the sex 
steroid that stimulates vitellogenin (Vtg) production in egg producing animals. Testes and 
ovaries were dosed with 5 IU pregnant mare serum gonadotropin (PMSG), which contains 
gonadotropins that stimulate production of sex steroids. It was hypothesized that E2 would 
stimulate Vtg production in the liver over 28 days and PMSG would stimulate 11-
ketotestosterone (11-KT) production in testes and E2 production in the ovaries, but all hormone 
production would likely decrease from day 0 of the culture to day 28. Additionally, tissues were 
exposed to three different concentrations of these hormones in a 24h culture to evaluate the dose-
response of each tissue type to its stimulant. 
After development of culture conditions, tissues were tested for their ability to communicate 
with each other in co-culture and in separate cultures when exposed to shared media. Ovary 
tissues were cultured individually and then stimulated with media from brain-pituitary co-
cultures mixed with fresh media. It was hypothesized that ovaries would produce E2 in a dose-
response manner depending upon the proportion of media they received from the brain-pituitary 
culture. As the proportion of media from the brain-pituitary cultured increased, the gonadotropin 
concentration should be greater, increasing stimulation of E2 production. Liver was cultured in 
three individual treatments and in combination with brain and ovary. Liver in individual 
treatments was exposed to fresh media, 50% media from ovary individually cultured mixed with 
50% fresh media, and 50% media from ovary co-cultured with brain and pituitary mixed with 
50% fresh media. It was hypothesized that individual liver cultures exposed to media from the 
ovary, brain, and pituitary co-culture would produce the largest amount of Vtg because all 
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components of the HPG-axis are present and able to function as a system while individual liver 
cultures exposed only to fresh media would produce the smallest amount of Vtg. 
After it was shown that the tissues were able to interact in vitro, all four HPG-L tissues were 
co-cultured each for male and female FHM. Co-cultures were exposed to TRB, a known 
androgenic EDC, at concentrations similar to those found in tissues after exposure in an in vivo 
study. Additionally, individual testicular and ovarian tissues were exposed to the same 
concentrations. E2, 11-KT, and Vtg were measured in these samples. It was hypothesized that 
the co-culture would respond to the EDC in a similar fashion to the in vivo study while results 
with the individually cultured gonads do not.  
Both male and female HPG-L cultures responded to TRB with changes in hormone 
concentrations that resembled those of a previously reported in vivo study (Ankley et al. 2003). 
After three days in culture, male HPG-L tissues responded to the three concentrations of TRB 
with changes in E2, testosterone T, and Vtg with the same trend in hormone changes as the in 
vivo research. In contrast, the E2 production of testis cultures was similar to the in vivo study in 
response to the TRB, while the production of other hormones was not. These data suggest that a 
co-culture system with all components of the HPG-L axis represents in vivo responses better than 
individual gonads. 
This system can be enhanced with improvements that focus on better modeling and 
replicating the in vivo environment. Hydrogel biomaterials can serve as a matrix for tissues that 
resembles the extra-cellular matrix when chemical, physical and mechanical properties, such as 
adhesion strength, porosity, and stiffness, are matched to the cell environment in each tissue.  For 
instance, both electromechanical and acoustic radiation force optical coherence tomography were 
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used to measure the elastic modulus of fathead minnow tissues. Due to the small size of the 
tissues, only liver and ovary were measurable. 
Alginate hydrogel was cured using 40 µL/mL, 60 µL/mL, and 80 µL/mL CaSO4 solution to 
create gels with different elastic modulus. These gels had an elastic modulus that increased with 
increasing CaSO4 concentration. HPG-L tissues were embedded in each of the alginate gels to 
determine impact of mechanical stiffness on viability. However, all tissues, including controls 
had low viability by the end of the culture period and the study was inconclusive but promising. 
A microfluidic device was designed as a second method of improving cellular environment 
and tissue interaction by enclosing tissues in individual compartments and flowing media among 
them. Culture studies have yet to be conducted using this device, but it is promising as a 
technique for future co-culture studies with this system. 
The fathead minnow HPG-L culture system is an organ system that can be cultured to 
maintain viability and function for both acute and chronic tests. This research challenged the 
system with an acute test, in which the culture did respond to a known EDC similarly to the in 
vivo response. This demonstrates that this is a responsive system that should be studied further 
for understanding the HPG-L interactions and responses to EDCs. 
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Chapter 1: Background 
Introduction 
Endocrine disrupting compounds (EDCs) are prevalent and found worldwide in the 
environment and affect both animals and humans (Vajda and Norris, 2011). They often impact 
the reproductive system by interfering with a portion of the hypothalamic-pituitary-gonadal 
(HPG) axis. Development of chemicals for agricultural, industrial, and personal use has led to 
over 80,000 chemicals with unknown endocrine action. Numerous in vivo and in vitro testing 
methods have been developed to screen these chemicals (Celander et al., 2011). However, 
extrapolation of in vitro studies to in vivo action is not always accurate and further extrapolation 
to other species can be even less accurate. 
Teleost fish are the most diverse and abundant group of vertebrates on Earth (Vajda and 
Norris, 2011). They are important both commercially and scientifically. Fish are an important 
food source for humans globally. They are also the most diverse group of animals in terms of 
reproductive modes. Additionally, they are highly susceptible to human contamination of surface 
waters. These factors make teleost fish ideal study subjects for evaluating effects of endocrine 
disruption. 
The goal of this dissertation is to replicate the functions and responses of the hypothalamus-
pituitary-gonadal (HPG) axis and liver (HPG-L) of a fish, fathead minnow (Pimephales 
promelas), using representative tissue cultures on a flexible in vitro organ culture platform. This 
platform may develop into an efficient model for improved understanding of endocrine 
disrupting compounds (EDCs) and the subsequent hormone effects of EDCs. Relying on the 
interaction of multiple cells within a tissue and their proper function compared to individual cell 
types, the critical endocrine system organs involved in reproduction will be dissected and co-
cultured to mimic the fish reproductive endocrine system and allow a systematic study of the 
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impact of EDCs on the chemical pathways among these organs. The goal is to create a co-culture 
using fathead minnow organ slices in a microfluidic device that allows rapid and accurate 
evaluation of the impact of chemicals on the HPG-axis signaling. Successful development of this 
device can improve evaluation of EDCS and contaminant detection and enable a systems biology 
approach to EDC toxicology, providing knowledge to enable protection of the health of human 
communities and entire ecosystems that are impaired by the effects of EDCs. 
In addition to providing an efficient method of EDC evaluation, this research also contributes 
to the scientific field as a layout for culturing the HPG axis in a microfluidic device. Microfluidic 
devices have been developed for toxicological evaluation (Esch et al. 2011), but this is the first to 
combine this organ system on one device. The combination of the disciplines of toxicology, 
molecular biology, biomaterial engineering, and physiology will facilitate development of a 
device that provides researchers with increased understanding of the HPG-L axis and aquatic 
contamination. 
Chapter 1 provides a background of the HPG-axis, EDCs, the physiology of fathead minnow, 
and previous fathead minnow toxicology studies in both field and lab settings.  
Chapter 2 describes the work to establish culture conditions for individual tissues and the 
HPG-L system in culture. Conditions including media selection, incubation temperature, pH, and 
surface substrate are investigated for both male and female adult fathead minnows. Both male 
and female HPG-L tissues were successfully cultured for 28 days after extraction from the fish, 
demonstrating the culture conditions do maintain portions of viable cells throughout each tissue. 
In Chapter 3, it is demonstrated that HPG-L tissues maintain some elements of endocrine 
communication pathways in vitro when cultured both together and separately by moving media 
from one tissue culture to another. Additionally, this chapter investigates the effects of the 
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synthetic androgen 17β-trenbolone upon the endocrine function of a gonad cultured individually 
or in co-culture with brain and liver. 
The early stages of biomaterial and microfluidic device development are covered in Chapter 
4. The tissue viability and function was determined after culture in biomaterials with varying 
elastic modulus. The elastic modulus for the biomaterial alginate was compared to that for the 
fathead minnow ovary and liver and for the brain, testes, and liver of smallmouth bass, which 
was used comparatively for stiffness tests due to the small size of the fathead minnow brain and 
testes. Interference of biomaterials with estradiol through adsorption or agonism is also 
investigated. The development of a working microfluidic device is covered in Chapter 4. Designs 
were varied in size, volume, well arrangement, and method of media movement. After 
examining several designs, the most efficient design will be used for the toxicology studies with 
this system in follow-on studies. 
Chapter 5 summarizes the finding of the preceding chapters and suggests future directions for 
this project.  
 
Specific Aims 
Hypothesis: 
I hypothesize that a new technique for sublethal toxicity screening can be developed by culturing 
key endocrine organs of the fathead minnow, hypothalamus-pituitary-gonads and liver (HPG-L), 
together in vitro and examining the feedback mechanism of the system when exposed to 
endogenous hormones and xenobiotics. In this model, HPG-L tissues are cultured to maintain 
viability and function (specific aim 1), then a co-cultured system will be tested with endogenous 
hormones for innate responses and xenobiotics to challenge the response of the system to known 
EDCs, both thus determining biofidelity of the system.(specific aim 2). Finally, encapsulation 
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biomaterials and a microfluidic device will be designed in an effort to increase the physical 
representation of the HPG-L system of a fish (specific aim 3). If the HPG-L system maintains 
viability and function, then the concentration of key hormones will respond to xenobiotics in a 
similar way as a living fish. 
 
Specific Aim #1: Establish culture conditions to mimic relevant conditions in whole-fish such 
that viability and function are maintained for the HPG-L tissues 
Hypothesis: the HPG-L tissues can be cultured in vitro similarly enough to in vivo conditions 
that the co-cultured system maintains the integrity of a responsive endocrine system. 
 
Specific Aim #2: Determine the benefit of co-cultures compared to the performance of 
individual gonad cultures and to determine if the co-cultured HPG-L system responds to an 
endocrine disrupting compound (trenbolone acetate) in terms of E2, T, Vtg, and 11-KT levels 
similarly to the fathead minnow response in vivo based upon a previous in vivo study (Ankley et 
al. 2003). 
Hypothesis: the HPG-L co-culture will respond to a known EDC with changes in hormone 
concentration that resemble changes seen in vivo better than an individual ovary or testis would. 
 
Specific Aim #3: Create a microenvironment using biomaterials and a microfluidic device that 
simulates blood flow through liver and HPG organs, including feedback mechanisms among 
tissues. 
Hypothesis: Conditions that resemble the in vivo environment of tissues can be better mimicked 
through biomaterial embedding and microfluidic device encapsulation.  
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Hypothalamic-pituitary-gonadal (HPG) axis 
Overview 
The HPG-axis is an essential system for development, growth, and reproduction in 
vertebrates (Kah and Dufour 2011). The HPG-axis is responsible for proper development and 
function of the reproductive organs as well as controlling the behaviors of reproduction (Ottinger 
2002). It is a complex interaction of multiple tissues that respond to each other resulting in 
dynamic feedback loops (Fig. 1.1; Kah and Dufour 2011, Weltzien 2004). The hypothalamus 
contains neuroendocrine neurons that innervate the pituitary and trigger release of gonadotropins 
through output of gonadotropin releasing hormones (GnRHs) (Weltzien et al., 2004). The 
pituitary gland releases two gonadotropins (GtHs), luteinizing hormone (LH) and follicle 
stimulating hormone (FSH). These are carried through circulation and bind to the gonads, which 
respond with gametogenesis and steroidogenesis. In fish, the ovaries produce large amounts of 
estradiol (E2) and the testes produce 11-ketotestosterone (11-KT) as the primary sex steroids 
(Norris and Lopez 2011, Weltzien et al. 2004). Sex steroids enter the circulation from the gonads 
and are carried via circulation to the hypothalamus and pituitary. Estrogen and androgen 
receptors on the hypothalamus and pituitary bind the sex steroids and regulate release of GnRH 
and GtHs resulting in a negative or positive feedback depending upon reproductive stage 
(Weltzien et al.2004, Zohar et al. 2010).  
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Figure 1.1. The interactive components of the HPG-axis include the brain, specifically the hypothalamus and 
pituitary, the gonads, the liver, and hormones that allow communication throughout the organ system and whole 
organism (adapted from Browder 1980). 
 
Receptors 
The endocrine system functions due to the presence of hormone interaction with cognate 
receptors (Casals-Casa and Desvergne 2011). The receptors are classified as membrane-bound 
receptors and nuclear receptors. The membrane-bound receptors typically bind peptide 
hormones, while the nuclear receptors bind small lipophilic hormones including the sex steroids. 
The estrogen receptors (ERs) ERα and ERβ are nuclear receptors. Many of these receptors, 
particularly the nuclear ER and androgen receptors (AR), are conserved between fish and 
mammals (Sumpter and Jobling 1995).  
 
Brain regulation 
The intricate relationship between brain and endocrine action allows adaptability of an 
organism to the environment while maintaining homeostasis. In the vertebrate HPG-axis, very 
few neurons in the hypothalamus control the release of neuropeptides that subsequently cause 
release and/or synthesis of hormones into the blood stream, thereby influencing target cells 
11-KT, T 
Testis 
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distant from the signal source (Kah and Dufour 2011). Reproduction and its associated behaviors 
are highly influenced by the function of this system.  
The hormonal elements of the HPG-axis are highly conserved between fish and tetrapods 
(Weltzien et al. 2004, Kah and Dufour 2011, Ankley and Gray 2013). However, the exact 
mechanisms of pituitary stimulation differ. Unlike primitive bony fishes and tetrapods, teleosts 
lack a median eminence and hypothalamus-pituitary portal system to send signals from the 
hypothalamus to the pituitary (Kah and Dufour 2011, Zohar et al. 2010, Weltzien et al. 2004). 
Teleost pituitaries are instead directly innervated by the hypothalamus, and the neurohormones 
for different cell types are released in close proximity to the target cells. This is carried out via 
axon transport through the hypophysial stalk and neurohypophysis, par nervosa (Weltzien et al. 
2004). The pituitary consists of an anterior lobe called the pars distalis (Weltzien et al. 2004) 
that contains corticotrophs, mammotrophs, somatotrophs, thyrotrophs, and gonadotrophs (Zohar 
et al. 2010) and a posterior lobe called the pars intermedia (Weltzien et al. 2004). In teleosts, 
unlike terrestrial vertebrates, cells are grouped together based on type. For example, all 
gonadotrophs are grouped in a specific region in a teleost anterior lobe, whereas they would be 
dispersed throughout a mammalian anterior lobe (Fig. 1.2). 
The hypothalamus releases the decapeptide GnRH as the main reproductive neurohormone 
(Kah and Dufour 2011). The main endocrine function of GnRH is synthesis and release of LH 
and FSH in the pituitary (Zohar et al. 2010). GnRH is highly conserved but of all vertebrates, 
teleost fish have the highest variability in GnRH, with 8 known variants (Kah and Dufour 2011, 
Weltzien et al. 2004). Fish can produce more than one type of GnRH and most produce three of 
these variants. There are multiple GnRH receptors that correspond to the different GnRH 
variants. These receptors are often located in the pituitary but differ in their distribution in both 
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the pituitary and other tissue types. While GnRH is released in a pulsatile manner that regulates 
gonadal activity in mammals, there is no evidence that GnRH release is pulsatile in fish (Kah and 
Dufour 2011).  
Release of GnRH is dependent upon a number of other neuropeptides and interactions within 
the hypothalamus. Glutamate and ɣ-aminobutyric acid (GABA) directly interact with GnRH 
neurons (Maffucci and Goret 2009). Glutamate is a stimulatory neurotransmitter, while GABA is 
inhibitory. These neurotransmitters affect gene regulation as well as actual hormone release and 
interactions with sex steroids. 
GnRH can be influenced by numerous factors acting upon the hypothalamus outside of the 
HPG axis. Two important external influences that cue the hypothalamus are nutrition and 
photoperiod (Shi et al. 2013, Kirsz and Zieba 2012, Prendergast et al. 2009, Stevenson and 
MacDougall-Shackleton 2005, Miller et al. 2004, Kriegsfeld and Nelson 1999). Neuropeptides 
including neuropeptide Y (NPY) (Zhang et al. 2012), melanin-concentrating hormone (MCH) 
(Wu et al. 2009, Kirsz and Zieba 2012) , proopiomelanocortin (POMC) (Kirsz and Zieba 2012), 
and kisspeptins (Kirsz and Zieba 2012, Navarro and Tena-Sempere 2012, Rao et al. 2011, Wu et 
al. 2009, Wahab et al. 2008) impact the GnRH neurons. Gonadotropin-inhibiting hormone 
(GnIH) is another highly influential player in the HPG-axis. This peptide is stimulated and 
released when melatonin binds to melatonin receptors in the brain (Tsutsui et al. 2010). These 
factors connect the reproductive axis to energy balance within an organism, resulting in changes 
in reproductive status due to nutritional status and seasonality. 
It was first shown by Brenton in the 1970s that the isolated fish pituitary released 
gonadotropins when stimulated by hypothalamic extracts (Zohar et al. 2010). During this same 
decade, Olivereau identified the two different gonadotrophs that produce FSH and LH in salmon. 
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Insulin-like growth factor I (IGF-I) may be an important stimulant for proliferation of these 
gonadotrophs in fish (Moret et al. 2008).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
The release of GTHs from the fish pituitary is influenced by additional factors at the pituitary 
along with GnRH. There are several other neuropeptides that work at the level of the pituitary to 
influence the release of gonadotropins. These include GABA, GnIH, and dopamine (Kah and 
Dufour 2011, Weltzien et al. 2004). Despite other contributions to GTH regulation, GnRH is 
considered the most influential neuropeptide in regulating the gonadotropins. 
Both GnRH and GTH synthesis and release are also affected by social cues (Au et al. 2006, 
Maruska and Fernald 2011). Fish respond to other individuals in their population and some are 
able to switch between dominance and submission based on social cues (Maruska and Fernald 
2011). These changes are not just behavioral, but changes all the way down to gene regulation 
occur within the HPG axis, altering secretion of GnRH, the GTHs, and sex steroids. Aggressive 
males that defend territory are able to suppress the HPG-axis of other males by repeated attacks 
(Au et al. 2006). These interactions down regulate the stimulants for GnRH neurons. 
 
Figure 1.2. The brain–pituitary–gonadal system in (A) mammals and (B) teleost fishes (adapted from Amano 2010). 
Two distinct differences are the lack of the portal system in the teleost fish pituitary and the regionalization of cell 
types. 
Testicular processes 
Teleost testes are white tubular organs that are enclosed in a thin connective tissue running 
through the body cavity (Weltzien et al. 2004). The germinal compartments differ among lower 
and higher teleost fish; the latter form branching lobes that open into a central duct. These lobes 
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contain germ cells and Sertoli cells, which are organized into cysts. The Sertoli cells are 
supportive of the germ cells, providing a physical environment and factors that help the germ 
cells proliferate and differentiate. Connective tissue separates the germinal tubules. This 
connective tissue contains fibroblast cells, blood vessels, and Leydig cells, which are the steroid 
factories of the testis. 
LH and FSH bind to rhodopsin-like G-protein coupled receptors on the cells of the gonads 
(Maruska and Fernald 2011). These GTHs act upon the gonads by triggering a steroid 
biosynthetic pathway that provides key sex steroids for growth of the gonad and gametogenesis. 
In the testes, LH and FSH receptors are arranged differently in mammals than in fish (Maruska 
and Fernald 2011). There are also differences in the responses to LH and FSH. In mammals, the 
LH receptor (LHR) is expressed only in Leydig cells.  The primary role of LH is to stimulate 
steroid biosynthesis and release. FSH receptors (FSHRs) are found in mammalian Sertoli cells 
and are critical for sperm production. In teleost fish, the LHR is present in both types of testis 
cells. It is involved in both steroidogenesis and gametogenesis. The FSHR is also present in both 
Leydig and Sertoli cells, as well as in some germ cells in fish. FSH also plays an important role 
in steroidogenesis and gametogenesis, but the two gonadotropins are more influential at different 
stages of gametogenesis. FSH plays an important role during early spermatogenesis, while LH is 
important in the final stages of sperm maturation (Knapp and Carlisle 2011).  
 
Spermatogenesis 
Spermatogenesis is the mechanism of producing a large number of small haploid gametes in 
males for reproduction (Schulz et al. 2010). The GtHs trigger spermatogenesis by stimulating 
spermatogonial stem cells (SSCs) (Knapp and Carlisle 2011). The GtHs may trigger either 
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maturation in cooperation with 11-KT or self-renewal in the presence of low doses of E2. SSCs 
mature by undergoing a species-specific number of mitotic divisions resulting in spermatogonia 
(Knapp and Carlisle 2011, Weltzien et al. 2004). After another series of mitotic divisions, 
primary spermatocytes are formed and undergo meiosis. After meiosis, the cells are secondary 
spermatocytes. These again undergo meiosis and become haploid spermatids. The spermatids 
will mature into sperm. The germ cells are housed in cysts and increase exponentially over 
several days (Leal et al. 2009). Sertoli cell number also increases resulting in about 1 Sertoli cell 
per 100 early spermatids (Weltzien et al. 2004, Leal et al. 2009). Its proliferation is stimulated by 
FSH. This process differs from mammals because the events for a single cyst in fish occur as a 
single event in puberty for mammals. Spermiation occurs after sperm maturation in externally 
fertilizing species of fish and ends the physical reproductive process (Knapp and Carlisle 2011).  
 
Steroidogenesis 
The testes are also responsible for the role of steroid production, which occurs in the Leydig 
cells (Knapp and Carlisle 2011, Weltzien et al. 2004). This production is important for 
spermatogenesis because the androgens, along with FSH, are the main regulators of 
spermatogenesis. LH binds to LHRs on the Leydig cells. This causes increased transport of 
cholesterol into the Leydig cell mitochondria through facilitation by the steroidogenic acute 
regulatory protein (StAR). Cholesterol is converted to pregnenolone in an enzymatic pathway 
involving CYP11A. Pregnenolone is converted in other pathways to an androgen, estrogen, or 
corticosteroid (Fig. 1.3). The resulting steroid depends upon which enzymes acted upon the 
pathway. Nine cytochrome P450 (CYP) enzymes and various numbers of hydroxysteroid 
dehydrogenases mediate the biochemical pathways that lead to the steroids (Villeneuve et al. 
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2007). The major androgens produced in teleosts are testosterone (T), 11-ketotestosterone (11-
KT), 11β-hydroxytestosterone (OHT), and 11β-hydroxyandrostenedione (OHA) (Borg 1994). 
The 11-KT is a direct stimulator of spermatogenesis. T on the other hand impacts 
spermatogenesis through its feedback to the hypothalamus and pituitary. The 11-oxygenated 
androgens and 11-KT also have important roles in sexual behavior and the expression of 
secondary sexual characteristics (Borg 1994).  
Spermatogenesis and the steroid biosynthetic pathways are delicate processes that depend on 
many contributing hormones and enzymes (Fig. 1.3).  Steroidogenesis is often impaired by 
xenobiotic chemicals because of their interaction with the enzymes involved in the biosynthetic 
pathways or receptors (Villeneuve et al 2007). The ongoing processes within the testis can be 
affected by changes in the hormone levels they encounter. Therefore, a change at any level of the 
HPG-axis could reduce the ability of the testis to produce sperm and/or critical sex steroids.   
 
Ovarian processes 
Fish typically have dual ovaries attached to the body cavity (Urbatzka et al. 2011). They are 
made up of germ cells, oogonia, and various stages of oocytes. Granulosa cells, theca cells, 
stroma cells, and connective tissue support these cells. Granulosa cells and theca cells are 
responsible for the development of mature oocytes and sex steroids. 
Female teleosts differ in ovary structure and function depending on species spawning 
strategy (Urbatzka et al. 2011). Synchronous spawners typically have one reproductive event and 
all gametes mature at once. The most common spawning strategy is group spawning, in which 
clusters of gametes mature together and spawning occurs over a specific season. The final 
strategy is asynchronous spawning, in which gametes mature throughout the entire year.  
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Oocyte growth and development 
Though there is variation in the stages of germ cell ratios in each strategy, the maturation 
process follows the same basic pattern. In the ovary, primordial germ cells (PGCs) develop into 
oogonia, which then develop into oocytes (Urbatzka et al. 2011). Primary growth oocytes remain 
surrounded by follicular cells and grow intensely during the vitellogenic period. The vitellogenic 
period is marked by the stimulation of growth by the egg yolk precursor vitellogenin (Vtg), 
which is produced in the liver. The growth of oocytes is controlled by E2 and FSH. FSH is the 
principal GTH in the plasma during the vitellogenic period, as seen in rainbow trout (Brenton et 
al. 1998). Androgens including T and 11-KT also have a role in stimulating growth of oocytes in 
some teleosts (Urbatzka et al. 2011). Oocyte development occurs in five stages that include 
primary growth, cortical alveoli stage, early vitellogenic stage, late vitellogenic stage, and the 
mature/ovulated stage. 
LH is only present in high amounts during spawning (Brenton et al. 1998).  It is important in 
oocyte maturation (Urbatzka et al. 2011). LH triggers the resumption of meiosis in the late 
vitellogenic phase. It also induces the maturation-inducing hormone receptor (MIH-R). IGF-I 
plays a role in the maturation of oocytes by increasing gap junctions. Maturation occurs when the 
oocytes resume meiosis. Oocytes are released into ovarian lumen and stored until spawning. 
 
Steroidogenesis 
Theca cells and granulosa cells cooperate to produce E2, following a similar steroidogenic 
pathway as the androgens (Urbatzka et al. 2011). Cholesterol transport is increased during StAR 
protein up-regulation in response to GTHs. It is converted into pregnenolone in the theca cells 
then follows an enzymatic pathway that converts it into T and 17α-hydroxyprogesterone (17α-
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OHP).  T is released by the theca cells and taken up into the granulosa cells. There it is converted 
into E2 (Nagahama 1994). 17α-OHP is also carried from the theca layer to the granulosa cells. 
The biosynthetic pathway converts 17α-OHP into maturation inducing hormone (MIH). The 
specific enzymatic pathway involved in MIH development differs among teleost species. 
 
Feedback 
Sex steroid regulation in the brain is important for the homeostasis of the HPG-axis (Wolfe 
and Wu 2011). The gonads produce sex steroids that have receptors in the brain, particularly in 
the hypothalamus and limbic system (Meethal and Atwood 2005). The sex steroid receptors are 
located in many cell types. The type of cell to which the sex steroids bind will determine the 
response of the cell. The sex steroids impact the brain’s growth, development, and function. The 
sex steroids are important in reproductive behavior due to their role in the development of neural 
substrates (Grober et al. 1998). Sex steroids will change regulations in GnRH and GtH release, 
receptor expression, and hormone concentrations in the hypothalamus and pituitary (Meethal and 
Atwood 2005, Genazzani et al. 1992). GnRH release is inhibited by sex steroids by direct 
interaction at the level of the GnRH neuron (Wolfe and Wu 2011) and due to modulation by 
endogenous opioid peptides (Genazzani et al. 1992). This results in a failure to stimulate release 
of the GtHs, which then stop stimulating the gonads, hence the negative feedback loop. Because 
of the intricate interactions of the HPG-axis, a change in one component of the axis will result in 
changes in the other components. These changes can be natural cycling of steroidogenesis and 
reproduction, disease related, or artificially induced through environmental exposures. 
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Figure 1.3. Major steroidogenic pathways in fathead minnow. CYP=cytochrome P450; HSD=hydroxysteroid 
dehydrogenase. Gray background indicates predominantly adrenal pathways/products, all other processes occur in 
the gonads (reproduced from Villeneuve et al. 2007). 
   
Liver 
The liver influences the HPG-axis in teleost fish in two major aspects. It is critical for proper 
oocyte growth due to its role in Vtg production (Urbatzka et al. 2011). Vtg is a lipophospho-
glycoprotein precursor that develops into egg yolk in the ovarian follicles (Parks et al. 1999). 
This is a receptor-mediated process in which E2 enters hepatocytes through diffusion and binds 
to the nuclear ER (Arukew and Goksoyr 2003, Parks et al. 1999, Sumpter and Jobling 1995). 
This causes transcription of genes that include Vtg. The liver is also responsible for modifying 
Vtg into its working form through phosphorylation, glycosylation, and lipidation (Parks et al. 
1999). Vtg travels to the ovary through circulation.  
The other major role that the liver plays in this system is metabolism and biotransformation 
of xenobiotics (Goksoyr and Fӧrlin 1992). The liver processes molecules in phase I and phase II 
reactions that detoxify and increase excretion. Phase I is a cytochrome P-450 monoxygenase 
system. This is a coupled electron-transport system with accessory enzymes and P-450 
isoenzymes that transform molecules through monoxygenation. The substrates are typically large 
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bulky molecules that are converted into small planar molecules. This is done through oxidative 
and reductive reactions, sulfhydrylation, hydroxylation, and dealkylation. Phase II reactions 
involve conjugation. Biotransformations typically detoxify substances but can also result in 
bioactivation of substances that were previously biologically inactive. Biotransformation 
processes vary among fish populations due to the influence of temperature, water chemistry, and 
other factors. 
 
 Endocrine disrupting chemicals 
Endocrine disrupting chemicals (EDCs) cause changes in development and reproduction due 
to disruption of hormonal pathways and normal endocrine function (Bellingham et al. 2010, 
Casals-Casa and Desvergne 2011). The USEPA defines an EDC as “an exogenous agent that 
interferes with the synthesis, secretion, transport, binding, action, or elimination of natural 
hormones in the body that are responsible for the maintenance of homeostasis, reproduction, 
development, and/or behavior” (Crisp et al. 1997). These changes often lead to impaired 
reproduction and behavior, impacting both humans and animals (Toppari et al. 1996, Dickerson 
et al. 2007, Sanchez et al. 2011). These chemicals can come from natural sources, such as plants 
and animals or are anthropogenic (Casals-Casa and Desvergne 2011). The latter group is of 
higher concern due to their recent introduction into ecosystems and the unknown effects of these 
chemicals upon humans and wildlife.  
EDCs have impacts at the population level of aquatic populations consistently exposed to 
them due to reduced fecundity, leading to non-sustainable ecosystems (Sanchez et al. 2011). 
EDCs are common contaminants in waterways throughout the world. These chemicals enter 
waterways via agricultural runoff (Jeffries 2011), industrial waste (Sanchez et al. 2011), and 
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municipal wastewater (Bellingham 2010). The endocrine activity of many chemicals is still 
unknown and a considerable amount of evaluation is necessary for numerous contaminants and 
combinations thereof, including both toxicants and pesticides, many of which can be found in 
drinking water (Marx-Stoelting et al. 2011). Therefore, the understanding of endocrine disruption 
is pertinent to the sustainability of aquatic ecosystems and human health. 
 
Mechanisms of action 
EDCs cause interference in signaling pathways, gene regulation, and transcription regulators 
within the HPG-axis, causing changes in biological processes such as cell proliferation and 
steroid synthesis (Ankley et al. 2011, Wang et al. 2011). Many EDCs are small lipophilic 
compounds and are capable of interacting with nuclear receptors (Casals-Casa and Desvergne 
2011). This often causes changes in gene expression with effects upon hormone production and 
steroidogenesis.  
EDCs can act at multiple locations in the HPG-axis (He et al. 2012, Xi et al. 2011). For 
example, bisphenol A (BPA), a ubiquitous synthetic EDC causes up-regulation in Kiss-1, GnRH, 
and FSH mRNA in the brain and pituitary of mammals. In the gonads, it causes inhibition in 
testicular steroidogenic enzymes and increased expression of aromatase (CYP19) in the ovaries. 
Gonadotropin subunit genes are up-regulated in the brain and pituitary of adult fish exposed to 
BPA (Rhee et al. 2010).  
Transcripts and gene regulation in the brains of fish and mammals change in response to 
many EDCs (He et al. 2012, Villeneuve et al. 2009, Rhee et al. 2010, Tian et al. 2010, Zhang et 
al. 2008, van der Ven et al. 2006). Miaserin, like several other antidepressants, has estrogenic 
activity (van der Ven et al. 2006). This compound interferes with the serotonergic and adrenergic 
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networks within the brain of zebrafish. Japanese medaka (Oryzias latipes) respond to EE2, a 
component of pharmaceutical birth control, by downregulating the GnRH receptor I in the brain 
of males (Zhang et al. 2008). This causes changes in male behavior such as reduced competition 
for females and changes in nest protection that can lower fecundity. Female medakas respond to 
the anabolic steroid 17β-trenbolone (TRB) with up-regulation of GnRH receptor II in the brain. 
The fungicide fadrozole affects the transcription profile of the zebrafish (Danio rerio) brain, 
causing neurodegenerative stress, which leads to impairment of the endocrine system 
(Villeneuve et al. 2009). Monocrotophos (MCP), an organophosphorus pesticide, also increases 
the expression of FSH beta-subunit mRNA in goldfish (Carassius auratus), increasing secretion 
of FSH, while decreasing the expression of LH beta subunit mRNA expression and secretion of 
LH. This changes the events of follicle maturation and steroidogenesis in the ovary downstream 
(Tian et al. 2010). Exposure to oil sands process-affected water (OSPW) increases gene 
expression for gonadotropins in the brains of fathead minnow (He et al. 2012).  
Many of these and other EDCs also affect the gonads, often through interference with 
steroidogenic enzymes. Japanese medaka respond to EE2 by down-regulating testicular CYP17 
(Zhang et al. 2008). In the ovary, CYP19A is upregulated, changing the normal steroidogenic 
pathway. Fadrozole is another EDC that impacts the HPG-axis at numerous sites (Villeneuve et 
al. 2009, Ankley et al. 2002). Fadrozole is a fungicide that is well established in toxicology as an 
aromatase inhibitor. It also changes gene expression in the ovary and follicle maturation is 
reduced due to vitellogenesis impairment in the liver. MCP works as an EDC in female goldfish 
by increasing gonadal expression of aromatase mRNA (Tian et al. 2010). This causes increased 
production of E2 and changes the ratio of E2:T in the plasma. OSPW exposed male fathead 
minnow upregulate gonadotropin receptors in the gonads, as well as genes for enzymes. 
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However, female fathead minnow exposed to OSPW had fewer gonadotropin receptors than 
unexposed fish (He et al. 2012). Trilostane is a model 3 beta-hydroxysteroid dehydrogenase (3 β-
HSD) inhibitor (Ankley et al. 2011). 3 β-HSD is an important enzyme in steroidogenesis. 
Inhibition of this enzyme results in changes in the gonads, as well as changes in plasma 
concentrations of sex steroids in both male and female fathead minnow. The ovaries respond to 
this EDC and resulting changes by up-regulating the FSHRs. 
EDCs often target receptors as either agonists, which mimic a naturally occurring hormone or 
antagonists, which block the action of a naturally occurring hormone. These can affect receptors 
throughout the HPG-axis. The most well-known agonists and antagonists work at the ER and AR 
receptors, often acting as weak estrogens or androgens and inducing many responses that 
resemble responses to estrogens or androgens (Parks et al. 1999). BPA (Xi 2000), alkylphenols, 
and some pesticides are examples of weak estrogen agonists (Parks et al. 1999). Antiandrogenic 
compounds reduce fecundity and lower plasma T levels (Ankley et al. 2009). Vinclozin and 
perchloraz are fungicides that act as anti-androgens. These compounds also change secondary 
sex characteristics. The synthetic steroid trenbolone acetate works as an androgen (Ankley et al. 
2003). It reduces fecundity in fish and causes female fathead minnow to develop male secondary 
sex characteristics. EDCs that imitate endogenous steroids can also result in changes to 
reproductive behavior, which can lead to population level effects (Lavelle and Sorensen 2011).  
Estrogenic chemicals can increase vitellogenesis in females and induce vitellogenesis in 
males, where it is not a normal process (Parks et al. 1999). Androgenic chemicals, such as 17β-
trenbolone reduce plasma levels of Vtg in females (Ankley et al. 2003).  Changes in 
vitellogenesis in female fathead minnow could lead to population level effects including drastic 
population declines (Ankley et al. 2008, Miller et al. 2007). Vtg presence in males is not known 
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to be harmful to individuals or populations but serves as a very valuable biomarker of estrogenic 
contamination in the aquatic environment (Sumpter and Jobling 1995).  
Aquatic systems commonly contain mixtures of EDCs (Crago and Klaper 2012, Ankley et al. 
2010). Mixtures of EDCs can cause non-additive effects in fish (Crago and Klaper 2012). The 
herbicide linuron and di(2-ethylhexyl) phthalate (DEHP) are both anti-androgenic compounds. 
However, the changes they cause in plasma steroid levels are not due solely to anti-androgenic 
effects but also due to changes in catabolism that are not seen with the individual EDCs. This 
results in risks of effects at lower concentrations of EDCs when mixed with other chemicals and 
EDCs in the environment. 
 
Sources of EDCs 
Synthetic EDCs are found in a variety of sources including pesticides, dioxins, organotins, 
plastics, and other industrial waste (Casals-Casa and Desvergne 2011, Crago and Klaper 2012). 
Pharmaceuticals, such as EE2 and antidepressants enter waterways through wastewater (Zhang et 
al. 2008, van der Ven et al. 2006).  Agricultural runoff is a major source of EDCs, as it carries 
pesticides and agricultural waste from both cattle feedlots and manure fertilizer (Crago and 
Klaper 2012, Ankley et al. 2003). Changing environmental conditions can also act as endocrine 
disruptors. One example of this is aquatic hypoxia, as it interferes with and reduces fish 
reproduction (Shi et al. 2009). These sources often combine in waterways, creating mixtures of 
EDCs that can have unique effects not seen in individual EDCs (Crago and Klaper 2012, Ankley 
et al. 2010). 
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Fathead Minnow (Pimephales promelas) 
General Information 
The fathead minnow is a small fish representative of the Cyprinidae family of fishes (Jensen 
et al. 2001). It represents a large family of ecologically important fish. Fathead minnow are 
asynchronous spawners (Watanabe et al. 2007). This is beneficial for reproductive research 
because all stages of oocytes are present in the ovary year-round. Reproductive behavior is an 
important aspect of fathead minnow mating. Males demonstrate vertical striping and nuptial 
tubercles and establish a nest site (Ankley et al. 2007). Females engage in spawning and leave 
the male to guard the eggs. 
 
Toxicology Studies 
Fathead minnow is a common fish species used for ecological monitoring and toxicity testing 
due to its ease of use as a model species for reproduction and behavior (Lavelle and Sorensen, 
2011; Villeneuve et al., 2010). Ecological and toxicological studies for numerous fish species are 
typically performed as whole-fish studies in lab (Wares II and Igram, 1979) or field settings 
(Kidd et al., 2007). Fish cell lines have also been developed in order to conduct aquatic 
toxicology studies in vitro (Quinn et al., 2009). Testes (Bouma et al., 2005; Miura et al., 1991) 
and ovary (Kayaba et al., 2008) explants have been successfully cultured for several fish species 
in vitro such that continued development and function occur.  
 
Organ, Body Weight and Hormone Parameters Relevant to this Study 
Fathead minnow males typically weigh 4-5 g at adult weight, while females weigh 2-3 g 
(Watanabe et al. 2007). Adult average testis weight per male is 58 m. Average ovary weight per 
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female is 183 mg. Average liver weight is 75 mg and 40 mg for mature males and females, 
respectively.  The fraction of blood sent to the viscera, including liver is 0.54 (Lien et al. 1994). 
The liver is 0.9% of the whole-fish volume. Brain mass data are not available for fathead 
minnow, but the % body weight of brain in trout, a related species, is 0.49% (Nicholas et al. 
1990). The average oxygen consumption rate is 0.124 mg/h (Lien et al. 1994). On average, male 
plasma carries 35 ng/mL 11-KT, 11 ng/mL testosterone, 0.43 ng/mL E2, and 4.1 µg/mLVtg 
(Watanabe et al. 2007). Female plasma carries an average of 0 ng/mL 11-KT, 4.08 ng/mL 
testosterone, 6.07 ng/mL E2, and 17.4 mg/mL Vtg. 
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Chapter 2: Culture Conditions 
Introduction  
In vitro testing and its link to whole animal biology are becoming increasingly more 
important in predictive ecotoxicology (Villeneuve and Garcia-Reyero 2011). Better chemical 
screening systems are necessary in order to connect adverse outcomes of in vitro studies to 
population level effects through a mode of action (Celander et al. 2011). In vitro culture of a key 
organ system of a model organism can serve as a potential screening tool if common conditions 
can be established for all tissues involved.   
Understanding the biology of an organism requires in vitro models that replicate the in vivo 
system. Both whole tissue and 3-dimensional (3-D) tissue engineering have successfully 
recapitulated functional properties of cell ensembles that 2-dimensional (2-D) cell culture did not 
replicate (Borges et al. 2012, Dallacasagrande et al. 2012, Daus et al. 2002, Krøvel et al. 2011). 
3-D tissue engineering has therefore become an important strategy for creating such in vitro 
models (Lan and Starly 2011, Salerno et al. 2011). This technique uses multiple cell types to 
create an organotypic co-culture system that maintains expected function. Alternately, other 
systems have been developed that utilize whole tissues cultured in vitro, including tail biopsies 
from Rana catesbeiana used for endocrine disruption detection (Hinther et al. 2011) and testes 
culture from rainbow trout for reproductive studies (Oncorhynchus mykiss) (Bouma et al. 2005). 
Explants from human cervical, vaginal, and colorectal tissue have been successfully cultured for 
one to two weeks with applications for viral inhibition (Greenhead et al. 2000, Abner et al. 2005, 
Fletcher et al. 2006, Wallace et al. 2009). Testes (Bouma et al. 2005, Miura et al., 1991) and 
ovary (Kayaba et al. 2008) explants have been successfully cultured for several fish species in 
vitro such that continued germ cell development and steroidogenesis occurred and viable 
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offspring were generated from these cultures. While some cell lines are available for fish such as 
gill, muscle, and swim bladder, immortalized versions of all cell lines comprising the ovary, 
testis, pituitary, and brain are not available, eliminating 2-D cell culture and the possibility of 3-
D tissue replication at this time (Lai et al. 2008, Quinn et al. 2009).  Tissue explants from 
neonatal rats had superior histology and electrophysiology compared to 2-D cell culture and 
were more similar to freshly isolated tissue (den Haan et al. 2013). This maintained architecture 
and function made the tissue explants a better model than 2-D cell cultures, supporting whole-
tissue culture as a valuable alternative to single-cell cultures. 
The hypothalamus (brain)-pituitary-gonadal (HPG) axis is critical for sexual maturation and 
reproduction in all vertebrates including fish (Weltzien et al. 2004). This system involves several 
organs encompassing multiple tissue types as mentioned in Chapter 1. When endocrine 
disrupting compounds (EDCs) enter waterways, the interactions and chemical communications 
among the endocrine organs can be altered, causing adverse organismal effects (Hinton et al. 
2005). Knowledge of the endpoints and system interactions of the contaminants with the HPG-
axis is important in understanding the detrimental effects that EDCs have on humans and wildlife 
at the organismal levels. Further, extrapolating the endocrine system impact that EDCs have on 
fish informs potential effects of these contaminants on humans when the mechanisms are known 
due to the high conservation of this system among vertebrates. Systems of spatially isolated yet 
fluidically connected endocrine organ tissues can parse out specific organ interactions and will 
allow improved understanding of the impacts of EDCs on the individual organs that impact the 
entire system.  Our long term goal is to replicate the system in a fashion that allows an optimal 
and flexible study of individual organ components and combines all 4 organs in an artificial, yet 
biofidelic responsive system. 
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Fathead minnow (Pimephales promelas) is a common fish species used for ecological 
monitoring and toxicity testing due to its ease of use as a model species for reproduction and 
behavior (Lavelle and Sorensen 2011, Villeneuve et al. 2010). Our goal was to use tissue 
explants from all four organs involved in the HPG-L axis directly extracted from the fathead 
minnow, as our organ models and then develop common culture conditions such that all tissues 
maintain ≥80% viability at 28 days in culture. The 80% metric has previously been used as a 
standard of successful culture (Quinn et al. 2009). Viability was defined as a ratio of 
mitochondrial activity on day one and the last day of the study.  In addition to cell population 
viability, location of living cells is determined using live-dead staining and examining the tissues 
with a confocal microscope to verify that the interior portion of the tissue is not necrotic. Tissues 
were also fixed, embedded, sliced, and stained for histological evaluation to determine overall 
tissue health based on cell morphology at the end of each study period. Finally, Raman 
spectroscopy was used to define healthy and dead tissue based on spectroscopic profiles.  
Use of in vitro tissue cultures allows careful reconstruction of the toxicity pathways with 
ultimate control over chemical and fluidic communications. Using tissue explants is simpler than 
having to rebuild the tissue architecture, while maintaining the variety of cell types included in 
each tissue. The establishment of culture conditions for each of the HPG tissues will aid in 
developing systems that identify targets of endocrine disrupting chemicals. The purpose of this 
research was to extract and then reconstruct and operational fish endocrine system for enhanced 
study of the ecotoxicology of EDCs. Implicit in this was the need to develop culture conditions 
that maintain individual tissue viability and function such that hormone production is maintained 
throughout the study, as well as a common culture condition that works for all of these tissues.  
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Methods 
Subjects 
Juvenile fathead minnow were purchased from Aquatic Biosystems, Inc. (Fort Collins, CO) 
and reared in 20-gallon tanks. Fish were housed based on EPA guidelines established by Denny 
et al. 1987 and followed an approved IACUC protocol. We replaced 4L of water 6 days/week 
and 8L of water once weekly with conditioned and pH adjusted water. The fish were fed New 
Life Spectrum® hormone-free pellets twice daily. The tanks were located in a lab with an 
automated cycle of 16:8 h light and dark. We raised the fish to sexual maturity (5.5 to 6 months) 
before use in the studies. Fish chosen for study showed sex characteristics indicating sexual 
maturity. Males displayed nuptial tubercles and a thickened fatpad on their heads. Females had 
an enlarged abdomen and pointed face. 
 
Dissections 
Fathead minnow were anesthetized using 500 mg/L Fiquel® MS-222 (Tricaine 
methanesulfonate; Ardent Chemical Laboratories, Redmond, WA) and 1000 mg/L sodium 
bicarbonate. The caudal artery was cut and fish were allowed to bleed out. We removed the liver, 
gonads, brain, and pituitary. Each organ, except the pituitary, was sliced several times using 
forceps and razor blades to allow for treatment comparisons using tissues from the same animal. 
Liver, brain, and testis slices were typically 1-5 mg, while ovarian slices were between 5 and 15 
mg. The slices for each tissue were approximately equal in size for each treatment for each fish. 
Tissue weight was recorded so data could be normalized to tissue mass. The tissue slices were 
washed in chilled PBS + 2% penicillin-streptomycin, amphotericin B solution to reduce risk of 
contamination and kept in this solution until slices were weighed (< 30 min). They then were 
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placed in individual wells of 96-well plates assigned to specific conditions. The extracted 
pituitary typically weighed 0.02-0.15 mg and was too small to slice using forceps, a razor or 
surgical scissors. Initially, each pituitary was used for one treatment, reducing sample size for 
this organ. In pilot experiments, it was determined that pituitary weights had high variability due 
to their small size. Therefore, based on anatomic proximity, it was assumed that brain and 
pituitary culture preferences would be very similar and the results of brain culture optimization 
were applied to the pituitary.  
 
MTT assay 
Tissue viability was measured using the MTT assay (Comley et al. 1989). MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide is a tetrazolium salt that is reduced to 
formazan in active mitochondria. Tissues were incubated in 10 µL MTT per 100 µL media for 4 
hours. After 4 hours, the media-MTT solution was removed and replaced with 200 µL methanol 
to solubilize the formazan overnight. Tissue slices were removed after this solubilization process. 
UV absorbance of the resultant methanol solution was measured at a wavelength of 570 nm. 
Absorbance data were normalized using the mass of each tissue piece. Control slices were 
removed from the fish and placed directly into the MTT solution to acquire a baseline optimal 
measurement at time zero of culture.  Viability was determined by comparing experimental 
values to control values taken immediately after the dissection on tissue slices from the same 
organ.  
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Media formulation 
Viability of tissues was evaluated in five common cell and tissue culture media types from 
Gibco (Invitrogen) that have been used previously in fish research (Bouma et al. 2005, Gohin 
2011, Kayaba et al. 2008, McMaster et al. 2005, Miura et al. 1991, Miura et al. 2002, Nagler et 
al. 1994, Nichols et al. 2009, Song and Gutzeit 2003, Yamamoto et al. 2011). Media used were   
Basal Medium Eagle (BME), Minimum Essential Medium (MEM), Leibovitz’s L-15 Medium 
(L-15), Medium 199 (Earle’s salts), and Medium 199 (Hanks salts). Culture media differed in 
salt combinations, buffering method, and presence of L-glutamine (Table 2.1).  Media containing 
Hanks salts buffer well at atmospheric conditions, while Earle’s salts buffer better in CO2 
controlled environments. The salts in Hanks and Earle’s salts typically buffer the media, but 
other buffering agents including sodium bicarbonate and HEPES are sometimes added to modify 
the buffering capacity. L-glutamine is an amino acid that can benefit cells in culture and is often 
included in media formulations. In addition to media type, performance of media additives 
including 10% fetal bovine serum (FBS), 2.5% fish serum (FS), and 5% FS were also compared. 
To reduce bacterial and fungal contamination, 0.5% gentamicin and 1% penicillin-streptomycin-
amphotericin B were added to all media. It was predicted that the tissues cultured in a medium 
with Hanks salts would improve the viability of the fathead minnow tissues compared to those 
made with Earle’s salts because the tissues were kept in atmospheric conditions in a cooling 
incubator. 
Table 2.1. Culture media used in this research. Media differed in type of salts and presence or absence of additional 
buffering agents and the amino acid L-glutamine. (+) indicates presence in medium, (-) indicates absence. 
 
Medium Earls salts Hanks salts L-Glutamine Sodium 
bicarbonate 
HEPES 
BME + - - - - 
MEM + - + - - 
L-15 - + + - - 
Medium 199 + - + + - 
Medium 199 - + + - + 
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Culture conditions 
Tissue slices were placed in individual wells of 96-well culture plates for each experimental 
test. Incubation temperature, pH, and media change frequency were investigated. Incubation 
temperature was tested at 25 ºC, 20 ºC, 18 ºC and 4 ºC. pH was measured at 5 points within the 
range 6.35-7.9. It was adjusted using 1M HCl and 1M NaOH. We compared viability of tissues 
with daily media change and every-other day changes. All culture condition experiments 
included a 7-day culture period and a final 28-day culture period .  
 
Culture substrate 
Tissue explants are often cultured on substrates that are more suitable surfaces for cells than 
the polystyrene surface of culture plates, such as elder pith and gauze (Miura et al. 1991, Miura 
et al. 2002, Quin et al. 2009). HPG-L tissues were cultured on polystyrene 96-well plate bottoms, 
Transwell™ (Millipore, Inc., Billerica, MA) polycarbonate membrane inserts, and 1.5% alginate 
coated wells for 7 days. Viability was compared for the three substrate types. 
 
Pregnant mare serum gonadotropin (PMSG) estradiol (E2) hormone dosing 
Liver, ovaries, and testes were extracted and sliced. They then were cultured for 48 h in the 
standard media established in the culture experiments described above. This was to rinse the 
hormones from the tissues prior to exposure to endogenous hormones. Ovarian and testicular 
tissues then were cultured in 0, 2.5, 5, or 10 IU pregnant mare serum gonadatropin (PMSG)/mL 
media. Media was collected 24h after treatment and saved for hormonal immunoassays. Liver 
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media were analyzed for vitellogenin (Vtg), ovary media were analyzed for estradiol (E2), and 
testis media was analyzed for 11-keto-testosterone (11-KT) as described below.  
28-day hormone stimulation 
After establishing culture conditions for all variables measured, we cultured tissues for 28 
days. Media were supplemented with 5 IU/mL PMSG and then added to ovary and testis cultures 
weekly. A separate source of medium was modified with 208 pg/mL E2 and added to liver 
cultures weekly. Media was collected at 24h and at the end of each 7d interval, stored and later 
analyzed for E2 in ovarian media, 11-KT in testicular media, and Vtg in liver media. PMSG and 
E2 were expected to stimulate healthy tissue so that the ovaries would produce E2, the testes 
would produce 11-KT, and the liver would produce Vtg.  
 
Hormone Immunoassays 
Media were analyzed for E2, 11-KT and Vtg with enzyme immunoassay (EIA or ELISA) kits 
(Cayman Chemical Co., Ann Arbor, MI). Assays were conducted according to manufacturer 
directions. The intra-assay variation for the E2 EIA was 7.17%, the inter-assay variation was 
18.69%, and the limit of detection was 24 pg/mL. The intra-assay variation for the 11-KT EIA 
was 5.4%, the inter-assay variation was 14.4%, and the limit of detection was 0.27 pg/mL. The 
intra-assay variation of the Vtg ELISA was 7.7%, the inter-assay variation was 12.97%, and the 
limit of detection was 0.39 ng/mL. 
 
Histology and imaging 
Tissue slices were fixed at the end of the 28 day study to determine the morphology of the 
cells after culture. Tissues were fixed in Bouin’s fixative for 24 hours then transferred to 3.7% 
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formalin before embedding. Tissues were embedded in paraffin, sliced at approximately 4 µm 
thickness, and stained with hematoxylin and eosin. Separate cultures were ended at 7, 14, 21d 
and immediately after extraction, then fixed and embedded to determine the change in 
morphology of cells throughout the culture period.  
A separate set of tissues was examined using calcein AM and ethidium homodimer live-dead 
stains. Tissues were incubated in 0.1 µL 2 µM calcein AM and 0.4 µL 4 µM ethidium 
homodimer in 200 µL phosphate buffered saline (PBS) for 2 hours. Images were taken of every 
10 µm of tissue using a confocal microscope to determine if cells within the interior of the tissue 
remained viable throughout the 28 day period. 
 
Raman spectroscopy 
Raman spectroscopy is a non-invasive technique of identifying living and dead cells (Huang 
et al. 2004). Differences in spectra can be found among tissues with differing health status if 
rigorous analysis of profiles are conducted (Kwak et al. 2012). Fresh HPG-L tissues and 
unhealthy HPG-L tissues were examined using Raman spectroscopy. Tissues were stressed by 
incubating them in PBS with 2% penicillin-streptomycin, amphotericin B at 37 °C for 3 days. 
Chemical means of damaging tissue were avoided because this could interfere with the peaks 
detected in the test. Half of the unhealthy tissues were assayed with MTT to verify that the 
conditions caused tissue death. Peak signatures obtained during the Raman spectroscopy were 
compared to determine if a tissue can be analyzed as live or dead using this non-terminal 
technique. A confocal spontaneous Raman microscope (Senterra, Bruker 
BiosciencesCorporation) equipped with a 532nm excitation laser was used to acquire spectra.  At 
a power of 20mW, spectra were collected from a number of different points over the entire 
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surface of each specimen. Spectra were acquired for 30 to 45 seconds over the 56-3500 cm
-
1
 range.  Between the two sets of spectra collected, no spectral differences were 
observed.  A quantitative comparison of peak ratios was attempted but  the signal-to-noise of 
these spectra were too low.  Enhanced spectral examination, instrumental alterations, and new 
data collection schemes were beyond the scope of this work.    This spectroscopic examination of 
tissues may prove promising with additional attention to data acquisition and experimental 
design. 
 
Statistical analysis 
Statistical tests were run using Systat13® (Cranes Software International Ltd., 2008, San 
Jose, CA). Analysis of variance (ANOVA) was used to determine if there were differences in 
means of treatments in each experiment. Differences were considered statistically significant if 
p≤0.05. Tukey’s test and Fisher’s Least Significant Difference (LSD) were used to determine 
which groups differed if a difference was found using ANOVA. 
Values for hormonal immunoassays were normalized by the viability of tissues. The limit of 
detection was used for statistical purposes for any sample that was not detectable in these assays. 
 
Results 
Media selection  
Figure 1 illustrates the viability of the three tissue types from FHM in the 5 different media 
after seven days of incubation.  A value of one on the y-axis means the tissue has the same 
viability, that is, the same number of living cells, after seven days in vitro as the control tissue 
assessed immediately after removal from the fish.  A higher viability (>1) indicates a greater 
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MTT assay value and more metabolically active cells are present in the tissue sample.  Culture 
media type did not impact the viability for any of the tissue type (liver, F4,128=1.418, p=0.232; 
ovary, F4,129=0.943, p=0.442; testis, F4,25=1.298, p=0.578; brain, F4,133=0.195, p=0.941). Liver 
tissue viability exceeded 80% in all five media, but it appears to thrive in L-15 with a mean 
viability double that of the control.  The brain only reached the 80% viability goal in BME 
although the confidence interval (CI) included 80% for all media types except Medium 199 
(Hanks).  
A 28-day study was also performed and did not result in a statistically significant difference 
for any media for any tissue (Fig. 2.2). All tissue types did maintain a mean of >80% in at least 
one media type while incubated for 28 days. The liver had a mean viability >80% in L-15 and 
Medium 199 (Hanks). The ovary had >80% viability in all media types. Brain viability was 
>80% in BME, MEM, and L-15. 
 
pH 
Media pH had a notable effect on liver tissue causing ranges in average viability of 0.57 to 
2.46. Average viability ranged from 0.64 to 2.25 in the ovary, and 0.52 to 0.81 in the brain (Fig. 
2.3). All three tissues show highest viability when incubated in pH 7.4, but this was significant 
only in the liver (F4,25=6.478, p=0.001). Liver viability was significantly higher at 7.4 than all 
other pHs (p=0.001, 0.007, 0.009, and 0.006, respectively). Liver and ovary viability increased at 
pH 7.4, indicating possible tissue growth. Although viability was not significantly different in 
ovaries or brain (ovary, F4,25=2.065, p=0.116; brain, F4,25=0.557, p=0.696), it trended toward 
being low at pH 6.35 for all tissues, appeared to increase slightly as pH increased from 6.35 to 
7.15, reached a peak at 7.4, then dropped again at pH 7.9 for all three tissues.  
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Temperature 
Viability was dependent upon incubation temperature (Fig. 2.4). Liver appeared to be the 
most sensitive tissue to incubation temperature (F4,32=4.897, p=0.003). Its highest viability was 
at 18ºC followed by 4 ºC. Its viability decreased significantly at 19.5ºC and 25ºC. Ovary and 
testis were the least sensitive to incubation temperature (ovary F4,23=1.119, p=0.372; testis 
F2,6=2.731, p=0.143). They maintained a viability >1 at all temperatures tested below 20 ºC. The 
brain followed a very similar trend as the liver, but appeared to be slightly less sensitive to 
temperature than the liver (F4,32=4.777, p=0.004). The brain had very high viability (>0.8) at both 
4 ºC and 18 ºC and then dropped significantly at 20 ºC (p=0.032) and again at 25 ºC (p=0.024). 
All tissues had highest viability at 18 ºC, making this the optimal temperature tested.   
 
Media change frequency 
Weekly media change and every other day media change had no difference in viability 
compared to daily media change for liver, ovaries, and testes (liver F2,10=0.663, p=0.537; ovary 
F2,7=1.625, p=0.263; testes F2,10=1.406, p=0.290). In a 28-day study, weekly media change 
resulted in higher tissue viability for the brain than media change every other day (weekly 
mean=1.057, 2-day mean=0.354; F2,10=5.613, p=.023, Tukey’s p=0.008).  
 
Culture substrate 
Tissues were cultured for seven days on four different substrates to determine effects of 
materials, ease of tissue exposure to media, ease of handling,  Ovaries were partially absorbed 
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into the Transwell™ membrane inserts and were not removable for the MTT assay. Additionally, 
media changes were much less efficient using the Transwell™ inserts and exposed the tissues to 
nonoptimal conditions, such as increased temperature, longer than the other substrates. The 
inserts did not improve viability in tissues that were tested (Fig. 2.5). For these reasons, the 
Transwell™ membrane inserts were not used for future experiments. The polystyrene plate 
bottoms were easiest to use, as there is no additional procedure or handling. Both alginate 
surfaces require initial preparations, but no additional handling time for the tissues is necessary. 
Use of 1.5% alginate as a substrate on the bottom surface of the wells increased tissue viability in 
the ovaries (mean with alginate=80.6%; mean of plain bottom=29.9%, p=0.024). Viability in the 
testes was not changed by substrate (F3,10=1.427, p=0.292). The liver and brain viability were not 
different between male and female fish and therefore data were combined. Neither liver 
(F3,10=.034, p= 0.602) nor brain (F3,10=0.707, p=0.569) viability changed with the addition of the 
alginate substrate. Based on the improved viability of the ovaries, the 1.5% alginate bottom was 
used as the substrate throughout remaining experiments. 
 
Dose Response of Ovarian Tissue to PMSG   
Ovaries responded to increasing PMSG concentration with an increase of E2 production 
when exposed to an increase in PMSG (Fig. 2.6a; F3,8=3.039, p=0.093).  The average E2 
produced in the 24 h exposure increased from 250 to700 pg/mL as PMSG increased from 0 to 10 
IU/mL. E2 production was maintained throughout 28 days when stimulated by PMSG (Fig. 
2.6b).  
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Dose Response of Gonadsr Tissue to PMSG 
Gonads were stimulated with PMSG to stimulate production of Vtg. Testes did not respond 
to PMSG in a dose-response manner (Fig 2.7a; F3,8=0.436, p=0.733) after 24h in culture. 
Testicular tissue did maintain 11-KT production throughout 28 days when stimulated by PMSG 
(Fig 2.7b). 
Female liver responded to increasing E2 concentration from 30.9 (±1.6) ng/mL to 103.7 
(±8.2) ng/mL with increasing Vtg (Fig. 2.8; F3,8=34.785, p≤0.001). Male liver did not respond to 
increasing E2 concentration (F3,8=0.603, p=0.631) over 24h.  Male liver did not produce 
detectable amounts of Vtg (< 0.39 ng/ml) after 24 h of incubation prior to stimulus in the 28 day 
study. However, after stimulation with 208 pg/mL E2, male livers produced low amounts of Vtg 
(38 ng/mL) after 7 days (Fig 2.9a). These low levels continued through day 28 and remained 
between 60-100% of the production on day 7 (Fig 2.9c). Female liver cultures produced very 
high amounts of Vtg during the first 24 h relative to male livers or any other culture period for 
female livers (Fig 2.9b). Mean female liver Vtg production was >22 µg/mL during the first 24 h. 
This amount increased on day 7 in response to 208 pg/mL E2, demonstrating maintained liver 
function for at least 7 days. By day 21, production of Vtg was only 34% of that on day 1 (Fig. 
2.9d) and by day 28 it was only 10% of day 1 production.  
 
Tissue Integrity: Gross Appearance, Histology and Raman Spectroscopy 
Brain (Fig. 2.10a), liver (Fig. 2.10b), ovaries (Fig. 2.10c), and testes (Fig. 2.10d) maintained 
their 3-dimensional structure throughout the 28-day culture. Cellular outgrowth appeared at the 
edges of these tissues throughout the culture period. The live-dead staining (Fig. 2.11) indicates 
that living cells existed throughout all tissues through 28 days and indicate only individual cell 
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necrosis in the interior of tissues, rather than the presence of any dead zones. At 14 days, most 
cells fluoresce as live cells. By 28 days, there was a mixture of live and dead cells throughout the 
tissues. 
Histological analysis of the tissues was not accomplished due to improper fixation and 
staining, precluding accurate assessment of the tissue integrity. Different fixatives are required 
for this type of tissue. 
Raman spectroscopy was not a successful technique for determining tissue health because 
low signal-to-noise of the measurements and strong endogenous autofluorescence from the 
specimen, which degrades the collected signal (Fig. 2.12).  
  
Discussion  
The long-term goal of this project is to develop a co-culture of FHM HPG-L tissues to use in 
in vitro toxicity testing. Therefore, our goal was to define a common culture condition that 
satisfies the needs of all HPG-L tissue types simultaneously. Researchers concerned with 
individual HPG-L tissues can determine optimal conditions for each tissue individually based on 
data presented. We have selected conditions that are the optimal culture conditions collectively 
so that a co-culture with all tissues can be maintained. 
The ovary and testis responded similarly to all media types, maintaining a mean viability 
close to the control.  In addition, the standard deviation in ovary viability was small indicating 
that this organ is extremely reproducible and robust. Further, this small standard deviation in the 
ovary serves as an indicator that our tissue handling procedures are not the cause of variation in 
viability.  The brain (pituitary and hypothalamus) was similar in that regard. The viability of the 
brain tissue was equal in response to all types of media with no outliers in performance.  
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Unfortunately, the brain appears to be the most delicate of the tissue types with none of the 
media promoting tissue stability or growth over seven days as compared to the control. 
Media results indicated that all media types support tissue viability equally for 28 d and can 
be used for fathead minnow HPG-L culture. The 5 media selected for this research have been 
used successfully in previous cell and tissue culture for mammals and fish (Bouma et al. 2005, 
Gohin 2011, Kayaba et al. 2008, McMaster et al. 2005, Miura et al. 1991, Miura et al. 2002, 
Nagler et al. 1994, Nichols et al. 2009, Song and Gutzeit 2003, Yamamoto et al. 2011). Tissue 
viability was not statistically affected by culture media selection, indicating that researchers 
could use any of these media based on individual preference or availability. The viability above 
one suggests that L-15 promotes tissue growth over the course of a seven day incubation period 
(though not significant due to high variation).  L-15 is adequate to support all tissues 
simultaneously and is commonly used in fish tissue culture. It was therefore used as the base 
medium in the remainder of the experiments.   
Tissue viability was most dependent upon incubation temperature and pH. Lower 
temperatures improved viability, which was expected due to reduced bacterial and fungal growth 
and lower cellular metabolism. All temperatures included in the study except 4ºC were within 
normal FHM spawning temperature range. Incubation within the normal range may improve 
cellular function compared to low temperatures, while keeping tissues in the cooler end of the 
normal range appears to reduce contamination and increases viability compared to higher 
temperatures in that range. Reinbold and Pescitelli (1982) found that cold temperatures increase 
sensitivity to toxicants, so keeping tissue in the natural range could result in more 
physiologically relevant effects in future studies than incubating at below normal temperatures. 
Additionally, 4ºC did not improve tissue viability compared to 18ºC. All tissues thrived in 18ºC 
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and suffered reduced viability above that temperature. We recommend incubation temperatures 
≤18ºC, which are within the normal spawning temperature range of 15ºC to 30ºC (Thomsen and 
Hasler 1944).  
Tissues showed a clear improvement in viability when incubated in pH of 7.4 compared to 
other levels tested. This suggests that cultures should be kept at a pH near 7.4 to maximize tissue 
viability. This is somewhat surprising based on research that suggests higher pH benefits teleost 
tissue culture (Hodne et al. 2012). The pH of plasma collected from fathead minnow 
immediately after dissection in this study was 7.39, so the optimal culture pH for fathead 
minnow may be different than that for other teleosts. However, this was not in the presence of a 
physiological amount of CO2. 
Brain was maintained as living tissue in BME, MEM, and L-15 after 28 days in culture. It 
was equally viable at all pH levels tested, but showed a trend toward increased viability at pH 
7.4.  The brain showed a consistent trend of increased viability with decreased temperature, 
plateauing at 18ºC.  
The ovaries and testes were near 100% viability for all media types at both 7 and 28 days, 
indicating that they respond similarly to media type among those tested. The viability of 100% is 
likely the result of both replication and death of cells and the continued life of cells from the 
beginning of the study. The gonads appeared to be the least affected by culture conditions, 
showing the most tolerance for non-physiological pH and temperature. Therefore, it may be 
practical to use conditions optimized for liver and brain since ovary and testis appear to thrive in 
all media tested. The ovarian viability improved with alginate substrate on the wells. This is not 
surprising due to the benefits of substrates that have similar structure to the extracellular matrix 
(Bouma et al. 2005). 
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Weekly media change improved tissue viability during 28 days in culture compared to media 
change every 2 days. This could be due to the reduced amount of handling and exposure to the 
ambient environment. While media changes were performed under an aseptic hood, a chance for 
contamination exists each time the culture plates are opened. In addition, media change causes 
movement of tissues in culture, with the attendant risk of suction into the pipette tip, which may 
lead to damage and reduced viability. Our results are consistent with successful testes culture by 
Miura et al. (2002), in which study media was also changed on a weekly basis. 
Imaging techniques, including gross 3-D structure observations and live-dead staining, also 
provide evidence that these culture techniques maintain and promote physiological structure and 
viability. Ineffective cultures could have resulted in flattened appearances of the tissues in the 
gross images, while live-dead images could have shown areas that fluoresced dead in the interior 
regions of the tissues. However, examination of the images did not result in either of these 
conditions. The alginate coating in the male liver (Fig. 2.11b) appeared to absorb the ethidium 
homodimer or containeddead cells that caused red fluorescence in the background of the living 
liver tissue. The images otherwise showed predominantly live fluorescence. The confocal 
microscope allowed imaging through the entire tissue to assure the center was not necrotic. 
Increased dead fluorescence was observed as a mixture among live cells  by 28 days, which was 
expected. 
The production of E2, 11-KT, and Vtg was predicted to be stimulated throughout 28 days but 
decrease in production over time due to the potential of tissues to replicate non-hormone 
producing cells. This prediction was observed in the liver production of Vtg. While Vtg 
production increased after 7 days in culture with E2 stimulation in both males and females, the 
amount of Vtg produced decreased by 21 days and continued to decline through 28 days. The 
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gonads, however, both maintained sex steroid production when exposed to PMSG throughout the 
culture period. This difference between continued liver and gonad hormone production can be 
explained with two possibilities. The cell turnover in the liver may be higher than that in the 
gonads. If the newly produced cells are not Vtg-producing cells, then the viability of the tissue 
remains high, while function decreases as the ratio of Vtg-producing cells and other cell types 
shifts. In the testis and ovary, however, the cell turnover is lower and therefore, the ratio of 
hormone-producing cells and other cell types remains more consistent. Another explanation is 
that the amount of E2 added to the liver samples was not comparable to the E2 provided in vivo. 
Therefore, as culture time proceeded, any E2 that remained in the liver prior to tissue extraction 
was depleted. The dose-response of the liver to E2 over 24 hours showed a response to E2 at 
concentrations of 1000 and 2000 pg/mL. However, the average in vivo concentration of E2 in 
female fathead minnow is about 6 ng/mL (Watanabe et al. 2007), which is three times higher 
than the highest dose tested. Therefore, the reduced production of Vtg may have been due to the 
lower amount of E2 added than the tissues had experienced in vivo. 
Using the culture conditions that we arrived at in this study, viability was maintained for 28 
days. Function continued throughout the 28 days as demonstrated by the ability to stimulate 
tissue to respond hormonally to exogenous hormones, although Vtg production decreased over 
time in female liver. This shows that gonads and liver maintained the ability to produce the 
hormones in vitro. Previous studies have cultured fish gonads for greater than 28 days and 
maintained function, so continued hormone production in culture is a realistic goal (Miura et al. 
1991, Miura et al. 2002, Bouma et al. 2005). Based on these results, this culture system is useful 
for long-term culture studies in FHM. 
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Tissue-based culture systems are emerging as platforms for toxicology research that improve 
upon both individual cell culture and whole organism studies through cost effectiveness and 
accuracy. Effects of EDCs are continuously investigated in the laboratory and the field due to 
their detrimental effects on both humans and wildlife. Established culture conditions for the HPG 
organs of a known indicator species, the fathead minnow, will improve the ability of researchers 
to work with these tissues in a laboratory and better understand the processes involved in 
endocrine disruption for each organ type. We established culture conditions that keep fathead 
minnow HPG-L tissue explants alive for 28 days and functioning for at least 7 days after removal 
from the fish. Optimizing culture conditions for the HPG organs and liver could reduce 
inconsistency in individual tissue response to EDC exposure. While additional parameters and 
conditions can be investigated and optimized in the future, such as glucose levels and O2 and 
CO2 concentrations, having a standard culture method will allow us to compare mechanisms of 
action and endpoints more easily among numerous samples and temporally separated 
experiments. Optimal culture conditions will allow increased longevity of the tissues, permitting 
research on both acute and chronic (defined by 14-28 days) exposure of tissues to EDCs. 
Discoveries of the impact of EDCs on HPG tissues will increase knowledge of the biological 
system function and lead to regulations and public information that can improve human and 
aquatic health. 
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Figures. 
 
Figure 2.1. Comparison of five culture media types for seven day viabilty of female HPG-L tissues, n=28. 
 
 
 
Figure 2.2. Comparison of five culture media types for seven day viabilty of female HPG-L tissues, n=6. 
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Figure 2.3. Viability of HPG-L tissues in media with pH ranging from 6.35 to 7.9, n=6.  
 
 
 
Figure 2.4. Viability of HPG-L tissues after 7 days in four different temperatures, n=6.  
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Figure 2.5. Viability of HPG-L tissues cultured on different substrates for seven days, n=6. 
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Figure 2.6. PMSG stimulation of ovary to produce E2 at three concentrations for 24 h, n=3 (a) and 5 IU/mL weekly 
for 28 days, n=6.  
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Figure 2.7. PMSG stimulation of testes to produce 11-KT with three concentrations for 24 h, n=3 (a) and 5 IU/mL 
weekly for 28 days, n=6 (b). Testicular tissues continued to be responsive to PMSG after 28 d in culture. Tissues 
unexposed to PMSG ceased production or produced low basal amounts of sex steroids. 
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Figure 2.8. E2 stimulation of male and female liver tissues over 24 h, n=3.  
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a. 
 
 
 
b. 
 
 
Figure 2.9. Vitellogenin (Vtg) produced over 24 h in male (a) and female (b) liver at 7, 21, and 28 days in culture 
and relative amounts (c, d) of Vtg produced in 24 h compared to the first measured amount of Vtg, n=6 (continued 
on next page). 
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c. 
 
 
 
d. 
 
 
Figure 2.9 (cont.). Vitellogenin (Vtg) produced over 24 h in male (a) and female (b) liver at 7, 21, and 28 days in 
culture and relative amounts (c, d) of Vtg produced in 24 h compared to the first measured amount of Vtg. 
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a. Images of brain on day 0, day 14, day 21, and day 28. 
 
 
b. Images of liver on day 0, day 14, day 21, and day 28. 
 
 
c. Images of ovary on day 0, day 14, day 21, and day 28. 
 
 
d. Images of testis on day 0, day 14, day 21, and day 28. 
 
Figure 2.10. Images of whole tissue slices throughout the culture period. 
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a. Female liver 14 days   b.Male liver 14 days 
         
c. Ovary 14 days             d. Testis 14 days 
     
e. Brain 14 days            f. Brain 21 days       g. Brain 28 days 
   
h. Pituitary 14 days    i. Pituitary 21 days 
 
Figure 2.11. Live-dead staining of tissues with calceinAM and ethidium homodimer. Images are overlays of live 
and dead fluorescence filters. Cells fluorescing green indicate live cells. Cells fluorescing red indicate dead 
cells.  
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Figure 2.12. Spectrum generated by Raman spectroscopy. The spectrum includes a noisy baseline and large peaks 
that were determined to be unrelated to health of the tissue. 
 
 
 
Wavenumber (cm^-1) 
Raman intensity 
 
66 
Chapter 3: Hypothalamic-pituitary-gonadal-liver (HPG-L) axis co-culture and trenbolone 
(TRB) challenge 
Introduction 
Endocrine disrupting chemicals (EDCs) pose health risks to humans and wildlife populations 
(Dickerson et al. 2007, Lee et al. 2013, Sanchez et al. 2011, Toppari et al. 1996, Villeret et al. 
2013). Developing assays that will accurately evaluate the effects and mechanisms of EDC 
activity is important in understanding known EDCs and screening chemicals with unknown 
endocrine activity (Lee et al. 2013). Currently, numerous in vitro screening methods including 
yeast estrogenic screening (YES), ER binding, MCF-7 human ER-positive breast cancer cell, and 
ERE-luciferase activity assays target effects of estrogenic compounds (Cao et al. 2009, Park et 
al. 2009, Wetherill et al. 2005, Wetherill et al. 2007). In vitro binding assays in hepatocellular 
and prostate cancer cell lines have been developed for studying androgenic and antiandrogenic 
compounds as well (Khalaf et al. 2009). Use of in vitro gene expression of ARs, ERs, and other 
hormone receptors, including vitellogenin (Vtg), has been used to evaluate EDCs (Danzo 1997, 
Fang et al. 2003, Kelce et al. 1995, Lee et al. 2013, Ostby et al. 1999). These are often not 
effective when testing environmentally relevant chemical concentrations due to low sensitivity at 
these levels (Lee et al. 2013). Additionally, most in vitro assays are able to give only a single 
indication of EDC activity and do not provide the whole picture of how a chemical will affect an 
organism.  
In vivo studies are useful in seeing organismal effects of a chemical (Lee et al. 2013). 
However, these studies do not always allow for mechanistic understanding of a chemical’s action 
and can be controversial due to the use of live animals. Additionally, in vivo studies are laborious 
and costly, so it is impractical to screen every chemical and combination with in vivo studies 
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(Gray, Jr. et al. 2002). Screening methods that are both sensitive and accurate to organism effects 
and mechanisms of action are necessary to better screen for and understand EDCs.  
It is important to develop and use assays that can be extrapolated across multiple species 
(Ankley and Gray 2013). Use of sentinel species as environmental indicators is common, but it is 
important that the systems studied are conserved between the model species and species of 
concern, including humans, such that the information is useful in regulating and developing 
synthetic chemicals (Munns et al. 2003, Suter et al., 2003). The HPG-axis is highly conserved 
across vertebrates and research can often be applied across numerous species (Ankley and Gray 
2013, Kah and Dufour 2011, Norris 2007).  
In addition to species extrapolation, assays need to be relevant to ecological impact (Celander 
et al. 2011, Hinton et al. 2005). A link from detailed mechanistic understanding to individuals, 
populations, and ecosystems should be made such that an event seen at the molecular level can 
be related to an adverse outcome. A commonly used model organism is fathead minnow 
(Pimephales promelas), which is used as a teleost model in toxicological studies. Studies using 
this species have been both extrapolated to other organisms and linked to ecosystem level 
impact, making it an excellent study species for EDCs (Ankley and Gray 2013, Miller et al. 
2007). 
Androgens are important hormones that are required for the proper development of the 
reproductive tract and reproductive function in vertebrates (Hotchkiss et al. 2008). The major 
androgens in teleosts are testosterone (T) and 11-ketotestosterone (11-KT) (Vajda and Norris 
2011). Androgens affect target tissues through their binding to androgen receptors (ARs). ARs 
are critical components of androgen function (Hotchkiss et al. 2008, Luccio-Camelo and Prins 
2011). The AR is a nuclear receptor that regulates gene expression. It can be bound by both 
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natural androgens and synthetic androgenic steroids. When the AR is bound, it results in 
conformational changes that impact gene regulation, important for normal cell function in 
reproductive tissues and in sexual differentiation. 
EDCs  often target hormone receptors (Lee et al. 2013). There is substantial evidence that 
interference with the ARs impairs male health (Luccio-Camelo and Prins 2011). Chemical 
binding to the AR can result in androgenic or antiandrogenic response, resulting in endocrine 
disruption (Hotchkiss et al. 2008). Androgenic compounds bind to the AR receptor and cause 
responses that mimic a natural androgen, while antiandrogens block AR transactivation (Luccio-
Camelo and Prins 2011). Exposure to AR agonists and antagonists can cause malformations of 
the reproductive system during development and other reproductive problems, such as poor 
sperm quality, reduced gonadal-somatic index, and changes in plasma concentrations of 
testosterone (Atanassova et al. 2000, Gray et al. 1999, Ankley et al. 2003, Sharpe et al. 1995, 
Williams et al. 2008). Synthetic chemicals, including androgens and antiandrogens, are abundant 
worldwide in surface waters making fish particularly susceptible to their effects (Vajda and 
Norris 2011). 
One source of androgenic EDCs is feedlot and agricultural runoff that contains excreted 
trenbolone metabolites (Ankley et al. 2003, Velasco-Santamaria et al. 2010). Trenbolone acetate 
(TRB) is an anabolic steroid used for beef cattle growth promotion (Galbraith 2002). It is 
hydrolyzed quickly into 17β-trenbolone and 17α-trenbolone (Ankley et al. 2003). 17β-trenbolone 
is a potent AR agonist, while 17α-trenbolone has a lower binding affinity. These metabolites are 
eliminated in cattle waste and are persistent enough in the environment to be present in runoff 
and surface waters (Schiffer et al. 2001). The half-life of the trenbolone metabolites is 
approximately 260 d in manure. They are also present in soils to which manure has been applied. 
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Evidence of endocrine disruption from TRB metabolites has been seen in fathead minnows 
(Ankley et al. 2003, Jensen et al. 2006, Sellin et al. 2009), channel catfish (Ictalurus punctatus) 
(Galvez et al. 1995, Davis et al. 2000), European bullhead (Villeret et al. 2013), Japanese 
medaka (Oryzias latipes) (Flynn et al. 2013), and mosquitofish (Gambusia sp.) (Brockmeier et 
al. 2013). 17β-trenbolone has been shown to cause gonadal alterations in male eelpout (Zoarces 
vivipars) (Yohana et al. 2010) and zebrafish (Ӧrn et al. 2006). Both 17β-trenbolone and 17α-
trenbolone cause changes in nuptial tubercle score for both male and female fathead minnow 
(Ankley et al. 2003, Jensen et al. 2006). Nuptial tubercles are secondary sex characteristics seen 
in reproductive males. Changes in androgen and estrogen ratios are also altered due to exposure 
to TRB. Modeling has shown that populations exposure to 17β-trenbolone can lead to drastic 
population declines after only 2 years of exposure due to hormone interference that results in 
reduced fecundity (Miller and Ankley 2004). 
Since the goal of this research is to establish an in vitro method of studying the effects of 
EDCs on the hypothalamic-pituitary-gonadal (HPG) axis of fathead minnow, assessment of the 
ability of the tissues to communicate was necessary. The interactions of the HPG and liver 
tissues were first examined to determine whether or not a tissue responds to hormone stimulation 
from other tissues in the axis that were cultured separately. Once this system proved to be 
responsive, it was challenged with TRB at concentrations that corresponded with those measured 
in fathead minnow tissue after an in vivo study. The hormonal response of the HPG-L tissues to 
the doses of TRB was then compared to the in vivo hormone response of fathead minnow 
reported by Ankley et al. (2003). This research could be used to demonstrate the importance of 
including all tissues of the HPG-L axis rather than examining only an individual cell or tissue 
type. 
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Methods 
Endogenous hormone stimulation 
Gonad stimulation cultures 
Ten adult male and ten adult female fathead minnow were anesthetized using MS-222 
(Argent Chemical Laboratories, Inc., Redmond, WA). The liver, brain, pituitary, and testis/ovary 
were removed. Ovaries and testes were extracted and sliced into five pieces; ovary slices were 
10-15 mg each and testis slices were 1-3 mg each. One slice of a tissue immediately underwent 
the MTT assay to provide a time 0 measurement for viability ratios and was referred to as day 0 
control. The other pieces were each placed in individual wells of a 96-well culture plate and 
cultured in L-15 medium supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin-amphotericin B. Cultures were incubated in a humidified chamber at 18°C. The 
brain and pituitary were also removed and cultured together in a separate well on the same 
culture plate as the testes/ovaries.   
 
Gonad stimulation 
After 24 hours of tissue culture, media were removed and collected from all ovary and testis 
tissues and stored at -80°C. Media were removed from the brain-pituitary (BP) wells and saved 
as BP culture media. The gonad media was then replaced with solutions composed of different 
ratios of BP culture media to fresh L-15 as listed in Table 1. The control group media were 
replaced entirely with fresh media. After 24 hours of culture in brain-pituitary media, ovary and 
testis media were collected and stored and all media replaced with fresh L-15.  The same 
procedure was used to  stimulate the tissues  on day 9 (Table 3.2). All media from the ovaries 
were tested for E2. All media from the testes were tested for 11-KT (EIA kits from Cayman 
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Chemical Co., Ann Arbor, MI). Tissues were subjected to the MTT assay at the end of the study 
to verify that all samples were alive throughout the culture period. 
 
Liver stimulation cultures 
Ten adult female fathead minnow were anesthetized using MS-222. Liver was removed and 
sliced into 6 equal pieces. One slice immediately underwent the MTT assay and was referred to 
as day 0 control. Three liver slices were each cultured individually under the optimal conditions 
established in Chapter 2. One liver slice was placed in co-culture with an ovary slice and one 
slice was placed in co-culture with a brain and ovary slice. Ovaries were sliced into 4 pieces, 10-
15mg each. One ovary slice was cultured individually in a 96-well plate, 1 slice was co-cultured 
with the brain and pituitary, 1 slice was co-cultured with a liver slice, and 1 slice was cultured 
with a liver and brain slice. Tissues were subjected to the MTT assay at the end of the study to 
verify that all samples were alive throughout the culture period. 
  
Liver stimulation 
After 24 hours of culture, media were collected from all wells except those containing a co-
culture with a liver slice. Liver media were replaced with 50% media of each treatment and 50% 
fresh L-15 as described in Table 3. Media were collected from all wells after 24 hours, stored at -
80°C, and replaced with fresh L-15 media. This sequence was repeated again on day 10 (Table 
4.4). Media from liver and liver co-cultures were tested for vitellogenin (Vtg) at the end of the 
study with an enzyme-linked immunosorbant assay (ELISA) (Cayman Chemical Co., Ann 
Arbor, MI). Media were collected from the ovary cultures and co-cultures and tested for E2. 
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Tissues were subjected to the MTT assay at the end of the study to verify that all samples were 
alive throughout the culture period. 
 
Table 3.1. Treatment groups for the hypothalamic-pituitary stimulation of ovaries and testes. 
 Control Treatment 1 Treatment 2 Treatment 3 
Amount of media 
added from HP 
culture 
0 mL (0%) 25 mL (17%) 37.5 mL (25%) 75 mL (50%) 
 
Amount of fresh 
media added 
150 mL (100%) 125 mL (83%) 112.5 mL (75%) 75 mL (50%) 
 
Table 3.2. Timeline for gonad stimulation by brain and pituitary (BP) media from time of extraction through media 
collection. 
 Day 0  Day 1  Day 2  Day 3  Day 9  Day 10  
Ovary and 
testis  
Removed 
from fish, 
cultured in L-
15  
Media 
removed, 
replaced with 
fresh L-15 
Media replaced 
with a 
combination of 
BP media and 
fresh, 
Treatment 1,2 
or 3?  
Media 
removed, 
replaced with 
fresh L-15 
Media replaced 
with a 
combination of 
BP media and 
fresh  
Media 
removed, 
MTT assay  
Brain and 
pituitary  
Removed 
from fish, 
cultured in L-
15  
 Fraction of 
media removed 
for ovary/testis, 
replaced with 
fresh L-15 
 Fraction of 
media removed 
for ovary/testis, 
replaced with 
fresh L-15 
 
 
 
Table 3.3. HPG and ovary stimulation treatments of liver to produce vitellogenin. 
 
 Control Treatment 1 Treatment 2 Treatment 3 Treatment 4 
Treatment 100% fresh 
media 
50% fresh 
media, 50% 
individual 
ovary media 
50% fresh media, 
50% hypothalamic-
pituitary-ovary 
media 
Co-cultured in media 
with ovary 
Co-cultured with 
ovary and 
hypothalamus 
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Table 3.4. Timeline for liver stimulation by brain, pituitary, and ovary media from time of extraction through media 
collection. 
 
 Day 0  Day 1  Day 2  Day 10  Day 11  
Liver  Removed from 
fish, cultured in 
L-15  
Media removed, 
replaced with 
50% treatment 
media  
Media removed 
and replaced  
with fresh media  
Media replaced 
with 50% 
treatment media 
and fresh  
Media removed, 
MTT assay  
Ovary, brain and 
pituitary  
Removed from 
fish, cultured in 
L-15  
Media removed 
and added to 
liver or saved, 
replaced  
 Media removed 
and added to 
liver or saved, 
replaced  
MTT assay  
 
Trenbolone chemical challenge 
Subjects 
Adult male and female fathead minnow were anesthetized using MS-222. The liver, brain, 
pituitary, and testis/ovary were removed. Two equal slices were taken from the testis/ovary of 
each fish. The ovary slices were between 5 mg and 10 mg in mass. One testis/ovary slice was co-
cultured with the liver, brain, and pituitary in a 96-well polystyrene cell culture plate coated with 
75 µL of alginate. The other slice was individually cultured in a separate well within the same 
culture plate.  
 
Media and treatment formulation 
L-15 medium was supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin-
amphotericin B solution. Trenbolone acetate (TRB) was dissolved directly into a stock solution 
of phosphate buffered saline (PBS) by sonicating for 2 h as recommended by the Ankley lab 
(USEPA, Duluth, MN, personal communication), creating a stock solution of 32 mg/L. Its water 
solubility is 340 to 380 mg/L. This stock solution was added to the treatment media in three 
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different doses such that the resulting media concentrations were 0.006 µg/mL, 0.04 µg/mL, and 
0.32 µg/mL. These doses were based on tissue concentrations in fathead minnow after exposure 
to three doses in an in vivo study by Ankley et al. (2003). Those doses were 0.5 µg/L, 5.0 µg/L, 
and 50 µg/L, which corresponded to wet weight tissue concentrations of 6.58 µg/kg, 44.1 µg/kg, 
and 321 µg/kg 17β-trenbolone. Each well with tissues and 200 µL media was treated as a whole 
fish with mass approximated by media volume and average tissue mass. Media formulations 
were based upon using this “fish mass” and adding TRB such that the µg/mL were equivalent to 
µg/kg from the in vivo study. 
 
Tissue culture 
Individual testis/ovary and co-cultures were cultured in 200 µL control media (0 µg/mL 
TRB) or treatment media in 96-well culture plates in a humidified chamber at 18°C. The culture 
plates were placed on a rocking device within the incubator to promote movement of media 
among tissues. Six individual gonads and 6 co-cultures were established for each treatment and 
time point. Samples were collected at 24 h and 3 d. Culture media from the samples were 
aliquoted into 4 tubes for separate hormone analyses and was stored at -80°C until time of 
analysis. Tissues were subjected to the MTT assay at the end of the study to verify that all 
samples were alive throughout the culture period. 
 
Hormone analyses 
All media samples were analyzed for E2, T, and Vtg using E2 and T enzyme immunoassays 
(EIA) and Vtg enzyme-linked immunosorbant assays (ELISA) from Cayman Chemical 
Company (Ann Arbor, MI). Males were additionally analyzed for 11-KT, the major male 
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androgen. T is an important androgen in both males and females, therefore it was measured in 
both. Quality-control was checked and verified with parallelism and recovery. E2 EIA analysis 
for ovary stimulation had 10.03% intra-assay variation, 18.77% inter-assay variation, and a limit 
of detection of 24 pg/mL. 11-KT EIA analysis had an intra-assay variation of 14.2%, inter-assay 
variation of 18.73%, and a limit of detection of 0.18 pg/mL. The T EIA intra-assay variation was 
10.41%, the inter-assay variation was 18.98%, and the limit of detection was 1.88 pg/mL. The 
intra-assay variation of the Vtg ELISA was 7.7%, the inter-assay variation was 12.97%, and the 
limit of detection was 0.39 ng/mL.  The detection limits are sufficient to analyze the expected 
concentrations in media from even fractional tissue production. 
 
Statistical analysis 
Data for hormone concentrations were normalized with viability of gonad tissues for all 
experiments. Based on the MTT assay, all tissues remained viable throughout the specified study 
period except for one liver culture in the liver stimulation experiment. The media from this 
sample was not included in the data analysis. 
All statistical analyses were conducted using Systat13© (Systat Software, San Jose, CA 
2008) with statistical significance set at p<0.05. All experiments were analyzed using analysis 
of variance (ANOVA) to compare means. When significant effects were detected within an 
experiment, post hoc one-way ANOVA followed by Tukey’s least significant difference (LSD) 
analyses were performed. Data were reported as mean ± SEM. 
When concentrations of a hormone were below the limit of detection for an EIA or ELISA, 
the limit of detection was used for statistical tests for that sample. Means between co-cultures 
and individual culture were not measured for the chemical challenge, as the goal of the chemical 
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challenge was to compare overall trends of co-culture and gonads with previously reported in 
vivo trends. 
 
Results 
Endogenous hormone stimulation 
Ovary stimulation 
E2 concentration was highly variable among different samples and therefore, the data were 
normalized to day one concentrations. Brain-pituitary (BP) culture media did not increase E2 
production compared to control media after 3 days (Fig. 3.1a; F3,64=3.075, p=0.547). However, 
there was an increase in E2 concentration in ovaries exposed to 50% BP culture media after 10 
days (F3,64=3.563, p=0.019). The ovary cultures with 50% BP culture media had a significant 
increase in E2 after 10 days compared to the control (p=0.016) and 17% HP culture media 
addition (p=0.015).  
 
Testis stimulation  
The 11-KT production was highly variable among samples and was therefore normalized by 
the day one 11-KT concentration for each sample. There was nearly a significant difference 
among control and treatment groups at three days (Fig. 3.1b F3,36=2.791, p=0.054). The 50% BP 
culture media had a trend of increased 11-KT concentration compared to the control but not 
compared to the other treatments. There was no significant difference in 11-KT concentration on 
day 10 among the control or treatment groups (F3,36=0.666, p=0.578).  
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Liver stimulation 
Increased Vtg concentration in liver culture was highly significant among media treatments 
at both 3 d (Fig. 3.2a F3, 49=7.831, p≤0.001) and 10 d (F3, 49=4.78, p=0.005). Vtg concentration 
was higher in hypothalamic-pituitary-ovarian (HPO) co-culture media treatments compared to all 
other treatments (control, 3 d p=0.003, 10 d p=0.002; ovary, 3 d p=0.001, 10 d p=0.042; 
hypothalamus-ovary-liver culture, 3 d p=0.003, 10 d p=0.004). There were no differences among 
any other treatment groups. 
The increase in Vtg production corresponded with an increase in E2 present in the HPO 
media (Fig. 3.2b. E2 concentration in treatment media differed significantly from the control at 
both 3 d (F3,64=5.437, p=0.002) and 10 d (F3,53=15.835, p≤0.001). E2 was not detectable above 
the lower detection limit in the L-15 media control at either 3 or 10 days. E2 concentration in 
media from the HPO culture was significantly higher than all other treatments on day 3 (control, 
p≤0.001; ovary, p=0.002; hypothalamus-ovary-liver, p=0.011). There were no differences in E2 
concentration among the other treatment groups. E2 concentrations followed the same trend on 
day 10, with the HPO media containing a significantly higher concentration of E2 than all 
treatments (control, p≤0.001; ovary, p≤0.001; hypothalamus-ovary-liver, p=0.002).  
 
Trenbolone (TRB) chemical challenge 
TRB did not interfere with any hormone EIA used in this study at any TRB concentration 
(0.006 µg/mL, 0.04 µg/mL, and 0.32 µg/mL) used. . However, TRB from the 32.1 mg/mL stock 
solution interfered in both the T and 11-KT EIAs suggesting that there is cross reactivity with 
this compound at very high doses well above the range studied here. Cross-reactivity was 
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calculated for the doses used by determining two standard deviations from the lower detection 
limit of each assay. The cross-reactivity for E2<0.007%, T<1.3x10
-5
%, and 11-KT<6x10
-7
%. 
 
Female HPG-L and ovary cultures after 24 h 
TRB caused a significant change in E2 production in both HPG-L cultures (Fig. 3.3; 
F3,20=16.732, p≤0.001) and individual ovary (F3,20=16.615, p≤0.001) after 24 h in culture.  TRB 
increased E2 production in every dose studied (p=0.001) in a dose-dependent manner.   
The ovary responded to the doses of TRB in a similar way as the HPG-L culture after 24 h. 
The lowest dose, 0.006 µg/mL was not significantly higher than the control (p=0.240). However, 
both the 0.04 µg/mL dose (p=0.057) and the 0.32 µg/mL dose (p≤0.001) caused a significant 
increase in E2 concentration compared to the control. The E2 concentration in the 0.32 µg/mL 
dosed culture was significantly higher than both lower doses, 0.006 µg/mL (p≤0.001) and 0.04 
µg/mL (p≤0.001). 
T concentration in HPG-L (F3,19=16.452, p≤0.001) and ovary cultures (F3,19=10.722, 
p≤0.001) was also significantly different than the control after 24h of exposure to TRB. The 
HPG-L concentration of T decreased when exposed to 0.006 µg/mL TRB (p≤0.001). A similar 
decrease was seen in HPG-L cultures exposed to 0.04 µg/mL (p≤0.001). However, there was no 
difference between the control and the high-dose 0.32 µg/mL TRB (p=0.512). There was no 
difference between 0.006 µg/mL and 0.04 µg/mL (p=0.986), but these doses did differ in T 
concentrations from the 0.32 µg/mL dose (p=0.002 and p=0.003, respectively). 
Unlike the HPG-L culture, the two lower doses of TRB did not elevate the T concentration 
above the control value after 24 h (0.006 µg/mL p=0.440, 0.04 µg/mL p=0.629). For the control, 
0.006 µg/mL dose, and 0.04 µg/mL dose there was at least one sample that was measurable 
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above the lower detection limit of the T EIA. The 0.032 µg/mL dose did differ from the control 
with an increase in T concentration (p=0.010). This dose also differed from both lower doses 
with an increase in T concentration (p≤0.001 for both). Vtg concentration was not different 
among control and treatments after 24 h (Fig. 3.3c; F3,20=0.576, p=0.638).  
 
Female HPG-L and ovary cultures after three days (3 d) 
The 3 day co-culture of HPG-L resulted in a significant difference in E2 concentration when 
exposed to TRB (Fig. 3.4; F3,20=24.560, p≤0.001). However, unlike the 24 h culture, all three 
TRB concentrations resulted in a decrease in E2 concentration after 3 days compared to the 
control (p≤0.001 for all 3 doses). The decrease in E2 over this time period trended toward an 
inverse response. The 0.006 µg/mL dose and 0.04 µg/mL were not significantly different from 
each other (p=0.984), but the 0.32 µg/mL was significantly greater than both concentrations 
(p=0.008 and p=0.018, respectively). 
The ovary cultures did not produce detectable amounts of E2 after 3 d in culture except for 
the 0.32 µg/mL dose. The amount of E2 produced by the 0.32 µg/mL dose was significantly 
higher than the control and other doses (F3,20=31.045, p≤0.001).  
The HPG-L culture T concentration was significantly different from the control after 3 d in 
culture (F3,17=17.524, p≤0.001). The T concentration in every TRB dosed culture was less than 
the control culture (p≤0.001 for all doses). The concentration of T in the 0.32 µg/mL dose was 
higher than both the 0.006 µg/mL dose and 0.04 µg/mL dose (p=0.003 and p=0.015, 
respectively). The lower doses were not significantly different from each other (p=0.437).  
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Similarly to the E2 concentrations, the T concentrations in individual ovary cultures were 
not detectable except in the 0.32 µg/mL TRB dose. The T value at this high dose was 
significantly higher than the control and both lower doses (F3,19=44.329, p≤0.001).  
Vtg concentrations were significantly different from the control after three days in culture 
(Fig. 3.3; F3,19=9.028, p=0.001). The 0.006 µg/mL TRB dose was significantly lower than the 
control (p=0.002). This dose was also significantly lower than the other two doses (0.04 µg/mL, 
p=0.019; 0.32 µg/mL, p≤0.001). The 0.04 µg/mL dose was significantly lower than the 0.32 
µg/mL dose (p=0.027). 
 
Male HPG-L and testis cultures after 24 h 
Male HPG-L cultures had a significant difference in E2 concentration based on TRB 
treatment after 24 h (F3,19=17.218, p≤0.001). The 0.32 µg/mL dose caused an increase in E2 
compared to the control and 2 lower doses (p≤0.001 for all). The 0.04 µg/mL dose also caused a 
significant increase in E2 concentration compared to the control (p=0.044). There were no 
differences in the other treatment groups or control. 
Testis cultures also had a significant increase in E2 concentrations after 24 h based on TRB 
treatment (F3,20=31.069, p≤0.001). The 0.32 µg/mL dose caused a significant increase in E2 
concentration compared to the control and the 2 lower doses (p≤0.001 for all). There were no 
other differences in E2 concentration after 24 h. 
T concentration was significantly different than the control in HPG-L cultures after 24 h 
(F3,19=9.257, p=0.001). The 0.32 µg/mL dose caused a significant increase in T concentration 
compared to the control and lower doses of TRB (control, p=0.009; 0.006 µg/mL, p=0.002; 0.04 
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µg/mL, p=0.001). There were no other differences in T concentration among control and 
treatment groups after 24 h. 
The testis cultures also had significant differences in T concentrations after 24 h 
(F3,20=28.590, p≤0.001). Again, the 0.32 µg/mL dose caused significant increases in T 
concentration compared to control and the lower dose cultures (p≤0.001 for all). There were no 
other differences in T concentration after 24 h. 
There were no significant differences in 11-KT concentration in HPG-L cultures after 24 h 
(F3,19=0.516, p=0.677). The testis cultures also did not have any significant differences in 11-KT 
after 24 h in culture (F3,20=1.043, p=0.395). There were no significant differences in Vtg 
concentration among HPG-L control and treatment groups after 24 h in culture (F3,19=1.641, 
p=0.213). 
 
Male HPG-L and testis cultures after 3 d 
The 3 d culture of HPG-L tissues resulted in a significant difference in E2 concentration 
compared to the control (Fig. 3.6; F3,20=2.551, p=0.085). TRB at the 0.32 µg/mL dose caused an 
increase in E2 compared to both the 0.006 µg/mL dose and 0.04 µg/mL dose (p=0.015 and 
p=0.06, respectively). The E2 concentration was not different between any of the treatment 
groups and the control. 
The testis cultures had significantly different concentrations of E2 compared to the control 
after 3 d (F3,19=35.511, p≤0.001). The 0.32 µg/mL dose caused a significant increase in E2 
compared to the control and both lower doses (p≤0.001 for all).  There were no other differences 
among control and treatment groups.  
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There were no differences in T concentration in HPG-L cultures after 3 d (F3,19=0.427, 
p=0.736).  The testis cultures did have significant differences in T concentration compared to the 
control after 3 d (F3,20=11.603, p=0.001). The 0.32 µg/mL dose of TRB caused an increase in T 
concentration after 3 d compared to the control and lower doses (p≤0.001 for all). 
HPG-L cultures did not differ in concentration of 11-KT after 3 d in culture (F3,20=2.525, 
p=0.090). There was no difference in 11-KT concentration in testis cultures after 3 d 
(F3,20=0.219, p=0.882). 
Vtg concentrations differed with an increase after 3 d of HPG-L tissue culture (Fig. 3.5; 
F3,18=3.539, p=0.034). The 0.32 µg/mL dose of TRB caused an increase in Vtg concentration 
compared to the control (p=0.034). This was the only concentration difference that was 
significant for males at 3 days.  
 
 
Discussion 
 
Hormone communication and response among the endocrine tissues were maintained in this 
fathead minnow HPG-L co-culture system. The significant stimulation of the liver in HPO media 
compared to any other culture containing ovary, including the hypothalamus-ovary culture, and 
the increased concentration of E2 in the HPO media compared to ovary alone and hypothalamus, 
ovary, and liver demonstrate the need for all components of the HPG-axis for a properly 
functioning system. The production of E2 in 50% BP media is about half of the amount of E2 
produced when ovaries were cultured with 5 IU PMSG (reported in Chapter 2). This suggests 
that undiluted BP? media could further increase the amount of E2 produced. The testis cultures 
actually produced more 11-KT when stimulated by the 50% HP media compared to those 
stimulated by PMSG, indicating that either their endogenous hormones elicit response better than 
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PMSG, or that the PMSG did not contain as many gonadotropins as were produced in this HP 
culture. 
Ankley et al. (2003) conducted a 21-d in vivo exposure of adult male and female fathead 
minnow to TRB. The three highest doses in that study resulted in significant effects on plasma 
hormone levels and secondary sex characteristics. This work attempted to replicate the TRB 
tissue concentrations within the HPG_L coculture for a direct comparison of system biofidelity 
(or something like that to establish the link between you and ankley). 
Female HPG-L co-cultures responded to TRB exposure more similarly to the in vivo study 
than the ovary alone (Table 5). The E2 response was most similar in the HPG-L culture after 3 
days. In the study by Ankley and colleagues,  the control plasma concentration of E2 was 
significantly higher than the 0.5 µg/L and 5.0 µg/L doses but not significantly higher than the 
high dose. The high dose and two lower doses did not significantly differ from each other. In this 
study, the 3 d HPG-L culture responded with a decrease in E2 concentration in the two lowest 
doses compared to the control. The high dose was significantly lower than the control, but it was 
also significantly higher than the lower doses. The ovary did not show this same trend after 3 
days. Neither the HPG-L or ovary culture had the same response as the in vivo study after 24 h. 
The E2 concentration appeared to follow the same trends as the in vivo study but the control E2 
concentration was relatively much lower than it was in the in vivo study and HPG-L 3 d 
experiment.  
The female HPG-L culture closely resembles the T response in the in vivo study at both 3 
days and 24 h, while the ovary did not respond in the same manner. In the HPG-L culture at 24 h 
and 3 days and in the in vivo study, T decreased significantly at the 0.006 µg/mL (0.5 µg/L) dose 
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and then progressively increased with each increasing dose such that the high dose was not 
significantly different from the control. 
The female Vtg concentration response to TRB differed between the in vivo study and this 
study for both the HPG-L culture and the ovary. The Vtg of female fish in vivo was a drastic and 
significant decrease at the 0.5 µg/L dose, as well as at all higher doses. In the co-culture system, 
however, the Vtg decreased significantly in the 0.006 µg/mL and 0.04 µg/mL dose (but not 
significantly), but it increased in the 0.32 µg/mL dose such that itwas higher than the control. 
In males, E2 concentration followed a similar trend as the in vivo study for both HPG-L and 
testis cultures at both 24 h and 3 days.  There was a significant increase in E2 concentration at 
the high dose compared to the control, lower doses, or both for all of the systems and time 
points.  
The T concentration of the male HPG-L culture followed the same trend as the in vivo study 
at 3 days. The T concentration for both of these systems was not different from the control at any 
dose. The in vitro system did not follow this trend at 24 h for either the HPG-L culture or testis 
culture, as both had an increase in T at the highest dose. 
11-KT concentrations did not follow the in vivo study trend for either the HPG-L culture or 
testis cultures at 24 h or 3 days. In the in vivo study, the concentration of 11-KT decreased at the 
highest dose with no differences among any other doses and the control. There were no 
differences among any of the culture systems and time periods in this study except for the HPG-
L culture after 3 days. It is possible that the conditions of the in vitro culture were not ideal for 
the oxidation of T into 11-KT, interfering with the biochemical pathway of 11-KT production. 
This would account for the high variability of 11-KT in both control and treatment cultures.  
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The concentration of Vtg was significantly increased in the highest dose for both the 24 h and 
3 d periods. This resembles the in vivo study. However, in the in vivo study, there was no or very 
little Vtg detected among all treatments except the high dose. In this study, only the highest TRB 
dose produced a significant Vtg increase over the control, but there was Vtg detected at all doses. 
Table 3.5. Indication of cultures that respond to TRB with hormonal changes in the same dose-response trend as 
fathead minnow in vivo in a study by Ankley et al. (2003). “Yes” means that the general trend of hormone 
concentration follows the same trend as the in vivo study and “No” means that the general trend of hormone 
concentration in response to TRB did not follow the trend of the in vivo study for at least one of the concentrations 
tested. Measurement of some hormones was not applicable (n/a) to certain cultures due to sex or lack of hormone-
producing tissue. 
 
Hormone 
Female 
HPG-L 
24h 
Ovary 
24h 
Female 
HPG-L 
3d 
Ovary 
3d 
Male 
HPG-L 
24h 
Testis 
24h 
Male 
HPG-L 
3d 
Testis 
3 d 
E2 No No Yes No Yes Yes Yes Yes 
T Yes No Yes No No No Yes No 
11-KT (n/a) (n/a) (n/a) (n/a) No No No No 
Vtg No (n/a) Yes (n/a) Yes (n/a) Yes (n/a) 
 
 
The results in this study demonstrate that the co-culture of fathead minnow HPG-L tissues 
respond to a known EDC very similarly to a reported in vivo response in the same species. 
Ankley et al. (2003) suggested that there is a different mechanism of action that occurs at the 
low-dose and high-dose, causing a U-shaped curve. Another explanation is that the androgen 
receptors are down-regulated in the pituitary at the high-dose and the negative feedback 
mechanism is reduced, allowing ovarian recovery. This would explain why the U-shape was 
observed in the co-culture. The difference in T versus 11-KT might be a change in the pathway 
that the precursor steroids take resulting in a change in product due to the TRB.  
The mechanism that may reduce E2 may be TRB binding to the AR receptors without 
conversion to E2 by aromatase (Ekman et al. 2010). When this occurs, there is a lower loss of T 
because the aromatase receptors are slowed by the interfering TRB. So, at higher TRB 
concentrations, the T levels are slightly raised. In addition, the interference is potentially 
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compensated by the HPG feedback loop, increasing the amount of cholesterol recruited for sex 
steroid production.  In Ekman’s study, after several days exposure, CYP19A was upregulated to 
compensate for the decreased E2.  Based on a gene expression profile for fathead minnow 
exposure to 17β-trenbolone, a metabolite of TRB, a general down-regulation of the expression of 
estrogen-responsive genes (hepatic vtg1, brain cyp19a1b, and gonad zp2.2) occurs (Dorts et al. 
2009).  This corresponds to changes in the biosynthesis of endogenous estrogens. The 
hydroxysteroid (17β)dehydrogenase 12a is involved in the production of testosterone. This 
steroid is also responsive to 17β-trenbolone and can serve as a biomarker for TRB exposure. 
These genetic changes indicate some of the changes in the fish endocrine system that cause the 
altered hormone levels. Continued use of the culture system developed here can lend itself 
toward genetic techniques of comparing this in vivo data (Dorts et al. 2009) to in vitro effects. 
Not all TRB studies have resulted in the same hormone changes that were seen in this and the 
Ankley study (2003). Zebrafish (Danio rerio) exposure to TRB resulted in a significant decrease 
in Vtg. Here, Vtg was depressed at 0.006 µg/mL in the females but not at any other doses. The 
Ankley study showed this depression but with only a slightly lower decrease in Vtg  at the 
highest dose compared to the control. Ekman et al. (2010) found similar hormonal responses to 
what was found here, including the response at low but not high doses. However, the hormone 
levels were able to recover after more than  oneday of exposure. This is in contrast to the Ankley 
study and this study, in which after three days, both T and E2 were depressed. 
The effects of TRB have previously been studied at the individual and population levels in 
which a mixed population  of zebrafish (Danio rerio) was converted to all males after exposure 
to 10 ng/L TRB and above during early life-stages (Holbech et al. 2006). TRB can result in 
altered gonad size in male eelpout (Zoarces viviparous), which can lead to impaired reproduction 
 
87 
(Velasco-Santamaria et al. 2010a,b). The adverse outcomes in this and previous studies can be 
linked to individual and population level effects through these reports of TRB’s impact. The 
changes in hormone levels in fathead minnow were coupled with masculinization of females and 
reduced fecundity (Ankley et al. 2003). The same hormone changes were seen in HPG-L co-
cultures in vitro after three days of exposure, suggesting this can be a model that links hormone 
changes to changes in fecundity. 
The development of this in vitro HPG-L culture technique for evaluating EDCs would 
benefit from more detailed molecular techniques embedded within the system. Studying the 
HPG-L axis in vitro enables  the ability to manipulate the system by choosing its tissue 
components, measuring hormones at multiple time points, and the potential to look at real-time 
changes. This in vitro co-culture system is demonstrated here to be more physiologically true to 
an in vivo system as compared to cultures with only gonads. This connection to in vivo response 
is an important link to adverse outcomes at the organismal, population, and ecological levels, 
which have been reported previously (Ankley et al. 2003, Jensen et al. 2006, Miller et al. 2004). 
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Figure 3.1. Effects of media from hypothalamus-pituitary (HP) culture on sex steroid concentration in gonad 
cultures. Samples were collected 24h after initial dissection to establish an initial E2 concentration for comparison. 
Tissues were exposed for 24 h on day 3 and day 10 of culture and media collected. Data are expressed as mean 
proportion of day-1 corresponding sample (standard error, n=10). Asterisk denotes values that differ significantly 
from the control. 
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Figure 3.2. Effect of ovary, hypothalamus-ovary-liver (HOL) and hypothalamus-pituitary-ovary (HPO) cultures on 
Vtg concentration (a), and the corresponding E2 concentrations measured in those cultures (b). Data are expressed 
as mean (standard error, n=18). 
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Figure 3.3. Effects of trenbolone (TRB) on hormone production a.) estradiol (E2), b.) testosterone (T), and c.) 
vitellogenin (Vtg) after 24 h in culture. Data are expressed as mean (standard error, n=6). Letters above values 
denote significantly different means (Tukey’s significant difference test; continued on next page). 
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Figure 3.3. (cont.) Effects of trenbolone (TRB) on hormone production a.) estradiol (E2), b.) testosterone (T), and 
c.) vitellogenin (Vtg) after 24 h in culture. Data are expressed as mean (standard error, n=6). Letters above values 
denote significantly different means (Tukey’s significant difference test). 
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Figure 3.4. Effects of trenbolone (TRB) on female HPG-L and ovary media concentrations of a.) estradiol (E2) and 
b.) testosterone (T) after 3 d in culture. Data are expressed as mean (standard error, n=6). Letters above values 
denote significantly different means (Tukey’s significant difference test). 
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Figure 3.5. Effects of trenbolone (TRB) on male HPG-L and testis media concentrations of a.) estradiol (E2), b.) 
testosterone (T), c.) 11-ketotestosterone (11-KT) and d.) vitellogenin (Vtg) after 24 h in culture. Data are expressed 
as mean (standard error, n=6). Letters above values denote significantly different means (Tukey’s significant 
difference test; continued on next page). 
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Figure 3.5. (cont.) Effects of trenbolone (TRB) on male HPG-L and testis media concentrations of a.) estradiol (E2), 
b.) testosterone (T), c.) 11-ketotestosterone (11-KT) and d.) vitellogenin (Vtg) after 24 h in culture. Data are 
expressed as mean (standard error, n=6). Letters above values denote significantly different means (Tukey’s 
significant difference test). 
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Figure 3.6. Effects of trenbolone (TRB) on male HPG-L and testis media concentrations of a.) estradiol (E2), b.) 
testosterone (T), and c.) 11-ketotestosterone (11-KT) after 3 d in culture. Data are expressed as mean (standard error, 
n=6). Letters above values denote significantly different means (Tukey’s significant difference test; continued on 
next page). 
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Figure 3.6. (cont.) Effects of trenbolone (TRB) on male HPG-L and testis media concentrations of a.) estradiol (E2), 
b.) testosterone (T), and c.) 11-ketotestosterone (11-KT) after 3 d in culture. Data are expressed as mean (standard 
error,  n=6). Letters above values denote significantly different means (Tukey’s significant difference test). 
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Chapter 4: Biomaterials and Microfluidics 
Introduction 
Organ culture  
Three dimensional (3-D) cell and tissue culture are becoming more prominent and reliable 
forms of in vitro culture compared to two dimensional (2-D) cultures due to its closer 
resemblance of in vivo cell-cell interactions (Banerjee et al. 2009, Cukierman et al. 2001). Cells 
in 3-D cultures also have a different structure than those of 2-D cells and enhanced cellular 
activities. Due to the closer similarities between 3-D cell cultures and in vivo cell geometries and 
architectures, these types of cultures have a tendency to function more similarly to in vivo tissues 
and are likely to be more biologically relevant than their 2-D counterparts (Cukierman et al. 
2001, West et al. 2007).  
 
Biomaterials 
The biomechanical environment of cells is important for the proper formation and function of 
3-D cells (West et al. 2007). Hydrogel biomaterials are currently the gold standard for bottom-up 
tissue engineering as scaffolding for cell and tissue growth and development. Numerous 
hydrogels have been shown to benefit cell growth including gelatin methacrylate (GelMA) 
(Ramon-Azcon et al. 2012), collagen (Jeong et al. 2013), matrigel (Meseke et al. 2013), and 
alginate (West et al. 2007). The mechanical and chemical properties of the hydrogel, particularly 
elastic modulus (G’), porosity, surface features, and chemical linkages are important influences 
on the health and cell proliferation of a culture (Discher et al. 2005, Jeong et al. 2013, Shikanov 
et al. 2009). The mechanical properties of some hydrogels, such as mechanical stiffness and 
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permeability, can be manipulated to better match the in vivo environment specific to cell type 
(Cha et al. 2011). 
Alginate is a hydrogel with gentle gelling properties, making it an appropriate hydrogel for 
embedding cells, including important components of the HPG axis (West et al. 2007, Pangas et 
al. 2003). The mesh-like structure of alginate gels allows the diffusion of hormones, such as 
follicle stimulating hormone (FSH). This feature, combined with its supportive structure, has 
been shown to benefit follicle development and function in vitro.Rat follicles can function, be 
fertilized, and develop into viable pups after alginate embedding (West et al. 2007). Alginate 
also benefits neural stem cell development (Banerjee et al. 2009) and may therefore be a more 
general scaffold for the HPG organs. Alginate stiffness and shear elastic modulus can be changed 
based upon alginate and/or curing solution concentration allowing the modification of the gel to 
a specific cell or tissue type. For example, follicle development is improved with decreasing 
alginate stiffness due to increased meiotic resumption and proper hormone ratios (West 2007). 
Cells benefit from being embedded in 3-D scaffolds including alginate, with their optimal 
performance in an alginate at an elastic modulus near that of the tissue (Banerjee et al. 2009).  
 
Elastic modulus (G’) of tissues 
The mechanical properties of fish tissue, including elastic modulus, have not been thoroughly 
investigated. An increase in G’ represents an increase in stiffness. This varies among tissue 
types. Tissues such as teleost bone (Hornton and Summers 2009, Weinand et al. 2008), shark and 
piranha teeth and fins (Chen et al. 2012), shark caudal fin (Lingham-Soliar 2005), trout red blood 
cells (Nash and Egginton 1993), and muscle(Saeed and Howell 2004, Gao et al. 2002, Gao et al. 
2001) have been evaluated for mechanical properties for various cooking and storage methods. 
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The stiffness of the organs in the HPG axis of fish has yet to be determined. Knowledge of tissue 
stiffness in fish HPG tissues could benefit the scientific community due to the common culturing 
of these tissues, particularly testes, for fisheries research (Miura et al. 1999, Miura et al. 2002). 
The mechanical properties of these tissues have been explored in other classes of animal and 
may provide some means of comparison. Yet there is great variability even within an individual 
species (Rashid et al. 2013). These differences can be attributed to factors such as tissue 
heterogeneity, age, gender, post-mortem time, and storage temperature. While porcine liver G’ is 
homogeneous at about 2 kPa (Umale et al. 2013), porcine brain has wide range of G’ from 1 kPa 
(Rashid et al. 2013) to 11.2 kPa (Rashid et al. 2012). Further, porcine dura mater has a G’ of 31.4 
MPa, demonstrating that different tissues within the same organ can have vastly different 
stiffnesses (Cha and Oh 2013). Cells such as Chinese hamster ovary cells differ in stiffness 
depending on whether the cell is healthy or unhealthy (Zhao et al. 2006). The average follicle 
modulus of rats, a similar species is 3 GPa (Quist et al. 2011).  
 
Microfluidics 
Microtechnology is another avenue of recreating conditions that mimic the in vivo 
environment (Sung and Shuler 2012). Using microfluidics, a number of in vivo conditions can be 
recreated including chemical gradients, 3-D architecture using hydrogels, mechanical stimulus 
through shear stress of fluid movement, and multi-organ interaction. Co-culture of multiple cell 
types is enhanced in micro-patterned systems (Khetani and Bhatia 2008). These co-culture 
microfluidics are commonly used for drug absorption and metabolism studies by utilizing co-
culture of digestive or liver cells (Mahler et al. 2009a,b, Sung and Shuler 2009). They are useful 
for pharmacokinetic-pharmacodynamic (PK-PD) evaluation (Sung and Shuler 2007) and 
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toxicology studies (Chang et al. 2005). Sensors can be integrated within a device to monitor the 
system with less interference than a traditional culture system (Sin et al. 2004).  
Microfluidic devices can be designed in numerous ways for many different functions. 
Traditionally, these devices have been made by silicon etching but are now frequently made 
through soft lithography using polydimethylsiloxane (PDMS) (McDonald et al. 2000, Sung and 
Shuler 2012). PDMS is an elastomeric material that works well in microfluidic devices due to its 
transparency, gas permeability, and ease of use. However, it is not a completely ideal material 
due to its leaching of uncured oligomers and partitioning of small hydrophobic molecules, such 
as E2 into the polymer bulk (Regehr et al. 2009, Toepke and Beebe 2006). This does not negate 
the benefits of using PDMS as a microfluidics material, but rather should be considered when 
interpreting data. In an effort to create a more biorelevant microenvironment for the tissue 
explants from FHM, we investigated two relatively new tools from bioengineering designed to 
effectively mimic in vivo conditions. The goal of this study was to lay the ground-work for 
developing an appropriate in vitro culture environment for the hypothalamic-pituitary-gonadal 
axis and liver (HPG-L) of fathead minnow (Pimephales promelas). This work will enhance the 
previously established culture conditions (see Chapter 2) and present a platform for future real-
time sensing of changes in hormones in the system. This research was designed to lead to a 
microfluidic platform that includes an HPG-L co-culture that can be used for the evaluation of 
chemicals for endocrine disruption. 
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Materials and Methods 
Biomaterial fabrication 
Alginate 
Alginic acid sodium salt from brown algae (Sigma-Aldrich, St. Louis, MO) was dissolved in 
L-15 culture medium such that the medium-alginate solution was a predetermined alginate 
concentration. Concentrations of 0.5%, 1.0%, 1.5%, and 2.0% were used in this study. The 
alginate solution was then syringe filtered through a 0.2 µm filter for sterilization. The alginate 
had low viscosity (2%). The formula for alginate is (C6H8O6)n. It was cured through calcium 
cross-linking with addition of a CaSO4 solution. 
 
Collagen 
Collagen type II (Advanced BioMatrix, Inc., San Diego, CA) was combined in a 2:1 ratio 
with (Dulbecco’s Modified Eagle Medium) DMEM. A reconstituting solution consisting of 
NaHCO3, HEPES, and 1 M NaOH in H2O was added to the collagen solution and formed a gel at 
room temperature within 2 hours. 
 
Gelatin methacrylate (GelMA) 
GelMA, made with porcine skin gelatin (Sigma-Aldrich, St. Louis, MO) was added to PBS to 
create a 10% GelMA solution. Irgacure photo initiator (BASF, Rhineland-Palatinate, Germany) 
was added to the solution. The 10% GelMA solution cured through exposure to UV light 28 cm 
from the source for 30 s.  
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Matrigel 
Matrigel (Beckton Dickinson and Company, San Diego, CA) is a basement membrane 
extracellular matrix hydrogel. It was cured quickly at room temperature and  therefore was kept 
on ice during the pipetting process. Once at room temperature, it cured into a soft hydrogel. 
 
E2 biomaterial and PDMS recovery 
Because the ultimate goal of this research is to study the HPG-L axis and its associated 
hormones, alginate, collagen, Matrigel, and GelMA were incubated in four concentrations of 
estradiol (E2) for 24 h to look for absorptive losses or cross-reactivity that could impact the 
biological system and hormone analysis. The control was EIA buffer with no E2 added. The 
treatments were 104 pg/mL, 208 pg/mL, 833 pg/mL, and 1667 pg/mL E2. Five samples of 100 
µg of cured biomaterial were tested for each treatment. PDMS was also incubated in these 
treatments. 100 µg of solid cured PDMS and 100 µg of finely chopped PDMS were tested to 
determine if PDMS was absorbing E2 as seen in Toepke and Beebe (2006). PDMS was chopped 
to increase surface area to determine if higher surface area increased absorptive losses.Following 
the 24 h study, four concentrations of alginate (0.5%, 1.0%, 1.5%, and 2.0%) were incubated in 
104 pg/mL, 208 pg/mL, 833 pg/mL, and 1667 pg/mL E2 in EIA buffer treatments for 48 hours. 
EIA buffer was removed from incubation and analyzed for E2 concentration . 
 
Elastic modulus of fish tissue 
Electromechanical measurement 
Five adult male and female fathead minnows were anesthetized using MS-222 (IACUC 
protocol # 12175). The liver, brain, and testis/ovary were removed. An even disk of tissue was 
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removed from each organ using a biopsy punch. Ovary pieces were biopsied with a 5 mm biopsy 
punch. Brain pieces were biopsied with a 3 mm biopsy punch and liver and testes were biopsied 
with a 1.5 mm biopsy punch. 
Tissues from five female largemouth bass (Micropterus salmoides) were also measured for 
G’. Largemouth bass is another teleost species. Largemouth bass were used because they are 
larger than fathead minnow and have tissues large enough for mechanical stiffness tests. The 
bass were anesthetized using MS-222 (IACUC protocol #13055). The largemouth bass were 13-
16 cm in length. They were not sexually matured based on their length but did have ovaries 
present. Brain, ovary, and liver were all biopsied with a 6 mm punch. 
Individual tissue biopsies were placed on the surface of the MTS Insight-Electromechanical 
instrument. The force and deformation were measured and the elastic modulus calculated based 
upon the slope of the stress/strain and radius of the tissue.  
 
Calculating the modulus 
A perfect cylindrical shape is assumed for this calculation. The tissue pieces are irregular but 
use of the biopsy punch creates a cylindrical shape that is as similar to the perfect shape as we 
can create with the tissues. Measured force versus deformation data were used to evaluate the 
modulus of the tissue. For compression of a cylinder along its primary axis, the modulus E is 
described by:
 
E=
 
 
 
where  and are the normal axial stress and strain, respectively, defined as : 

 
   

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=
  
 
 
Here, F is the applied force, R is the radius of the cylinder, L is the original length, and    is the 
deformation.  
 
Acoustic radiation force optical coherence tomography 
Adult male and female fathead minnow and largemouth bass were anesthetized and tissues 
extracted and biopsied with the same procedure mention previously. The tissues were embedded 
in agarose gel and measured using acoustic radiation force optical coherence tomography (Wang, 
in review). Ultrasound waves were passed through the gel. The elastic modulus was calculated 
based upon the measured sheer wave and dispersion curve. 
 
Alginate elastic modulus 
1.5% alginate solution was cured using CaSO4 at concentrations of 40 µL/mL, 60 µL/mL, 
and 80 µL/mL. 1 mL of alginate solution was pipetted into a syringe. 1 mL of the treatment 
CaSO4 solution was pipetted into a second syringe. The syringes were connected using a syringe 
lock. The solutions were passed 3 times between the two syringes and ejected onto a glass slide. 
A second slide was placed onto of the alginate, resting 1 mm above the first slide. After 10 
minutes, the top slide was removed and 6 mm x 1 mm cylinders of alginate were removed using 
a biopsy punch. The electromechanical method was used to measure the elastic modulus of 
alginate disks cured with each concentration of CaSO4.  
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Tissue embedding 
Tissues were embedded in one of 4concentrations of alginate to investigate the effect of 
biomaterial stiffness on tissue viability.. The alginate treatment concentrations were 0%, 1.0%, 
1.5%, and 2.0% alginate. Alginate was cured in 96-well polystyrene culture plates. 40 µL 
alginate solution was added to each well bottom and cured with 80 µL CaCl2. Alginate was cured 
for 30 minutes and then the curing solution was removed. Wells were rinsed with phosphate 
buffered saline (PBS). Tissue pieces were placed on top of the alginate discs. A second layer of 
alginate was cured on top of the tissue pieces by adding 30 µL alginate and 60 µL curing 
solution to the well, thus embedding the tissue completely within alginate. Curing solution was 
removed after five minutes and wells rinsed with PBS. 150 µL L-15 media supplemented with 
10% FBS and 1% penicillin-streptomycin-amphotericin B was added to each well. 
 
Microfluidics 
Device design 
Microfluidic devices were designed using AutoCAD (AutoDesk, San Rafael, California). 
The devices were designed to hold approximately 200 µL volume of media (based on 8% body 
weight blood volume) with tissues in the wells. Features of the device were printed onto a mask 
that was later used in the lithography step of device assembly. The initial device was designed to 
be perfused with a peristaltic pump (Fig. 4.1). A second device was designed for media 
movement due to rocking motion on a rocking platform (Fig. 4.2). Design and assembly 
technique successfully allowed flow of media among cell types (Shuler and Sung 2011). 
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Peristaltic pump device assembly 
Device features were made through lithographic patterning of SU-8 photoresist on silicon 
wafers. Polydimethylsiloxane (PDMS) was poured over the mask and cured at 65 °C for 1 h. 
Cured PDMS was removed from the mask and holes punched in well locations and input-output 
locations. The bottom and middle layers of the device were bonded using a corona gun and 
mounted to a glass slide. The surfaces of the top and middle layers of PDMS were treated with 
the corona gun. Tissue pieces (see previous chapters for extraction and slicing technique) were 
quickly added to wells and the top and middle layers bonded. Media was added to the device and 
bubbles were removed. 
After assembly, tubing ports were established at the input and output locations in the 
peristaltic pump device. These ports were connected through tubing that wrapped around a 
peristaltic pump. The pump-device system was placed inside an incubator set to 18 °C. The 
pump ran continuously to move media through the device. 
After 24 h, the tissues were removed and viability measured using the MTT assay.  Tissue 
viability was used to verify that the assembly process was not damaging to tissue pieces. 
 
Rocking device assembly 
PDMS portions of the rocking device were assembled as reported for the peristaltic pump 
device. The bottom piece of PDMS was placed on top of a clear plastic square. The top piece of 
PDMS was covered with a metal plate that was machined with inlet and outlet holes. The plastic 
bottom and metal top were connected with small screws. Tightening these screws resulted in 
sealing the device. Media was added to the inlet of the device. The media traveled through the 
channels to fill each well and the outlet. The device was placed on a rocking plate, which moved 
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the media back and forth between the inlet and outlet. The rocking plate was located in an 
incubator set to 18 °C.  
 
Statistical analysis 
Statistical tests were run using Systat13® (Cranes Software International Ltd., 2008). 
Analysis of variance (ANOVA) was used to determine if there were differences in means of 
treatments in each experiment. Differences were considered statistically significant if p≤0.05. 
Tukey’s Least Significant Difference (LSD) was used to determine which groups differed if a 
difference was found using ANOVA. The limit of detection (24 pg/mL) was used for statistical 
evaluation when a sample was below the limit of detection in the E2 EIA. 
 
Results 
Biomaterial incubation in E2 
There was a significant change in E2 recovered from treatment samples compared to the 
control (Fig. 3; F43, 174=15.25, p≤0.001). Incubation of the EIA buffer in GelMA caused detection 
positive error in all concentrations including the 0 pg/mL E2 control compared to all treatments. 
The 1% alginate also increased E2 recovered compared to the control (p=0.001). However, 
neither the 1.5% nor the 2% alginate were different than the control (p=0.998 and 0.990, 
respectively). There was no difference between the PDMS or chopped PDMS buffer and control 
buffer after 24 h of incubation (p=1.00). No concentration of alginate tested differed in the 
amount of E2 detected after 48 h for all E2 concentrations added compared to the control (Fig. 
4.4; F4,32 = 0.632, p=0.772). 
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Tissue and alginate elastic modulus 
The ovary and liver were the only fathead minnow tissues that were large enough to measure 
consistently with the electromechanical method and ovary was the only tissue large enough to 
measure with the acoustic radiation force optical coherence tomography methods. These two 
methods resulted in very similar results for the ovary. Electromechanical measurement resulted 
in a G’ of 24.9 kPa (±3.4 (SD)) for the ovary, while the acoustic radiation force optical 
coherence tomography resulted in 27 kPa, demonstrating that these two methods can produce 
similar results. Male and female liver G’ did not differ (p=0.718) and were therefore combined. 
The G’ of the liver was 57.08 (±12.76).  
The largemouth bass tissues were large enough to measure using both methods. The G’ of the 
brain in the electromechanical method was 12.97 kPa (±3.38), the liver was 33.41 kPa (±5.45), 
and the ovary was 40.13 kPa (±0.31). The G’ measured in the acoustic radiation force optical 
coherence tomography was 4 kPa for brain, 12kPa for liver, and 30kPa for ovary. 
 
Tissue embedding 
Increasing CaSO4 concentration resulted in increasing G’ (Fig. 4.5). The G’ of 1.0% alginate 
cured with 40 µL/mL, 60 µL/mL, and 80 µL/mL CaSO4 was calculated based on the stress/strain 
curves of each of the gels (Fig. 4.6). 
Viability was low for all tissues measured in this study, including the control tissues, with the 
highest viability at only about 60% (Fig. 4.7). A trend toward increased viability in the 60 
µL/mL CaSO4 appeared, but both liver and ovarian tissues still were less than 80% viable by the 
end of 7 days. 
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Microfluidic design 
Viability was at or above 100% for every tissue cultured in the devices for 24 h, indicating 
that the assembly of the microfluidic devices does not damage the tissues to the point of 
decreasing viability. Both devices allowed flow of media among all tissues. Media in the rocking 
device evaporated more quickly than in the peristaltic pump device due to the open inlet/outlet 
(observation). Therefore, the rocking device needed a setting with increased humidity. Placing 
the device in a petri dish that contained a shallow amount of water provided enough humidity 
that the media was not evaporated after 24 h. Replenishment of media may be required beyond 
this timeframe. 
 
Discussion 
Biomaterials 
Biological interference was an important consideration for biomaterial selection. Interference 
results in loss of important molecules (i.e., hormones) due to absorption or addition of cross-
reactive molecules that leach from a material and result in inaccurate analysis of data. Recovery 
of E2 in the buffer that was incubated without a biomaterial was not different than the amount of 
E2 added to the buffer, as expected. This confirmed the assay confidence and that the 
polystyrene plate was not causing changes in the buffer that interfered with the E2 assay. PDMS 
had the potential to absorb E2 added to the EIA buffer based on findings reported by Toepke and 
Beebe (2006). It was surprising that there was no significant loss of E2in either the PDMS or 
chopped PDMS cases  after 24 h of incubation because PDMS has been shown to absorb E2.  It 
was predicted that chopped PDMS would absorb more E2 than solid PDMS because of the 
increased surface area. This result was not seen. This study provides the confidence that the 
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procedure for curing PDMS used here can fabricate microfluidic devices that will not interfere 
with E2. However, the ratio of PDMS to media in the microfluidic device designed in this project 
was not measured, so the specific interaction of media components with PDMS is unknown and 
should be tested. Additionally, PDMS was incubated in EIA buffer with E2 rather than in media, 
which may cause variation. Other hormones should be investigated as well to ensure there are no 
interactions with the device. 
GelMA was the only biomaterial that interfered with the E2 assay. Even in samples with no 
E2 added, cross-reactivity resulted in a signal in the E2 EIA. This was an important finding 
because GelMA has not been previously reported as a cross-reactive biomaterial, and despite its 
value as a tissue scaffold, may act as an endocrine disruptor itself. 
Alginate differed slightly among the concentrations used for alginate gel in the 24 h 
incubation but did not differ in the 48 h incubation. The variations in the data indicate that this 
biomaterial may interact slightly with E2 in the initial 24 h, but then stabilizes and does not 
interfere with E2 or the E2 EIA. 
1.5% alginate was selected as the biomaterial used for tissue embedding due to the ease in 
which the mechanical stiffness could be manipulated. It is an inert material that does not interact 
chemically with cells. Therefore, the effects of alginate embedding can be better attributed to the 
physical properties of the gel.  
Ovarian tissue G’ was very similar between the two methods of measuring stiffness. When 
measuring acoustic radiation force optical coherence tomography, the G’ of the brain was much 
lower than that of the electromechanical compression value. The value obtained using acoustic 
radiation force optical coherence tomography was more similar to brains reported in the 
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literature (Rashid et al. 2013). The differences may have been due to the small size of tissue 
measured.   
The 80 µL/mL concentration of CaSO4 curing solution had a G’ that was closest to the G’ of 
the fathead minnow ovarian tissue. Unfortunately, all tissues in the embedding experiment, 
including those in the control group, had a very low viability by the end of the study period. 
Although this prevented the comparison of mechanical stiffness of the alginate gel to that of the 
ovarian and liver tissues, both tissues appeared to maintain the highest viability at 60 µL/mL. 
This is slightly lower than the G’ of the ovarian tissue. Future studies may confirm whether this 
similarity in stiffness improved the viability compared to the other alginate gels. The reason for 
the low viability among all treatments is unknown but could be due to extended time at room 
temperature during the embedding process. Future studies should include chilling culture plates 
on ice during this process to determine if this was the cause. Based on previous research 
(reported in Chapter 2), the use of alginate as a substrate for tissue culture is effective for 
improving tissue viability, and therefore, this approach should not be abandoned. 
 
Microfluidic devices 
The peristaltic pump device was easy to assemble and did not damage tissues during 
assembly. However, the number of devices operational at a single time is restricted by the 
number of lines a single pump can run. In this case, there is only one line/pump, limiting this 
system to one sample at a given time. Therefore, either numerous pumps are needed to increase 
sample size or the time to run the study would be dependent on the number of samples, as they 
would need to be run sequentially. This impracticality and cost made the rocking device a much 
more reasonable option. Initial assembly is more time consuming, but as many as 50 devices can 
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fit on the rocking device at one time. The rocking technique is a successful flow technique that 
allows inter-organ communication (Shuler and Sung 2011). This scheme has great multiplexing 
potential to work for this multi-tissue culture. 
Neither device presented here was designed for physiologically relevant flow rates or 
residence times. These parameters are important considerations for each tissue in the system. 
Additional in vivo work is necessary to determine the flow rates and residence time of blood in 
each of these organ compartments in fathead minnow. Future work can focus on optimizing 
these parameters and incorporating them into a microfluidic device, which will allow closer 
imitation of the fathead minnow endocrine system. 
This chapter only touches on the topics of biomaterials and microfluidics for the fathead 
minnow HPG-L axis co-culture system. These initial studies should provide a basis for future 
research that will enhance this culture system such that the integrity of this system is optimized 
and the evaluation of chemical effects on the endocrine function of this system can be seen in 
real-time. 
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Figures. 
a. 
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Figure 4.1. Peristaltic pump microfluidic design (a). Tissues were cultured in the 3 center wells (b). Media was able 
to flow from the inlet through the wells to the outlet, allowing hormone communication among the tissues. 
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Figure 4.2. Rocking device microfluidic design. Tissues were cultured in the 3 center wells (b). Media flowed 
between the inlet and outlet holes as the devices rocked (c). 
  
Tissue wells 
Inlet/outlet 
 
123 
 
 
Figure 4.3. Alginate, collagen, matrigel, GelMA, PDMS, PDMS with increased surface area, and a plain well were 
incubated in 5 concentrations of E2 for 24 h to determine if any of these biomaterials interfere with E2 through 
possible means such as absorption of E2 leaching of cross-reactive compounds. Most notable is GelMA, which 
appears to leach an E2 cross-reactive compound to every concentration of added E2, including 0. 
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Figure 4.4. E2 recovery from alginate incubated in 5 concentrations of E2 for 48 hours to determine if the alginate is 
absorbing or releasing E2.  
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Figure 4.5. The elasticmodulus of 1.0% alginate cured with three different concentrations of CaSO4. Increasing the 
concentration of CaSO4 increased G’ but maintained the solids concentration of the alginate gel. 
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Figure 4.6. Stiffness measurement of calcium cross-linked alginate gel. Elasticmodulus of 1% alginate cured with 3 
concentrations of CaSO4, n=4. 
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Figure 4.7. Alginate embedded tissue viability. This study resulted in low viability in both liver (a) and ovary (b).  
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Chapter 5: Conclusions and Future Direction 
Discussion 
The goal of this research was to develop an in vitro co-culture system of fathead minnow 
(Pimephales promelas) hypothalamic-pituitary-gonadal (HPG) and liver tissues that responds to 
endogenous stimulation and xenobiotic challenge in the same manner that a fathead minnow 
does in vivo. The potential benefits of such a culture system are detailed examination of 
endocrine disrupting chemical (EDC) impacts upon the HPG-axis and improved understanding 
of the interactions of this system. 
The first specific aim of this research was to establish culture conditions to mimic relevant 
conditions in a whole fish including blood-surrogate (medium), temperature, and pH, such that 
viability and function are maintained for the HPG-L tissues of fathead minnow. Type of culture 
media, pH, temperature, media change frequency, and culture substrate were investigated in 
order to develop a combination of conditions that maintained living functioning tissues. The 
hypothesis was that the HPG-L tissues can be cultured in vitro similarly enough to in vivo 
conditions that the co-cultured system maintains the integrity of a responsive endocrine system. 
 The first objective was to determine conditions that maintained tissue viability above 
80% compared to tissue on day 0. It was found that pH, temperature, media change frequency, 
and substrate all affected the viability of at least one tissue type. The conditions that were 
selected for the remaining experiments were L-15 media supplemented with 10% FBS and 1% 
penicillin-streptomycin-amphotericin B, pH of 7.4, 18 °C incubation temperature, weekly media 
changes, and 1.5% alginate on the surface of the culture plate bottom. This is similar to Miura’s 
studies (1999, 2002) in which similar conditions kept testis pieces alive and producing viable 
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sperm for long-term cultures and Nagler’s study (1994) in which ovarian follicles remained 
viable and responsive to exogenous hormones. 
 The second objective was to confirm maintained function throughout the culture period. 
This was accomplished by measuring hormone response to an external stimulus. Female ovarian 
tissues maintained a production of E2 in response to PMSG throughout the 28 d culture. The 
female liver continued to produce Vtg over 28 days in response to E2, but the amount produced 
drastically decreased to only 10% of the day 1 production after an initial increase during the first 
7 days. The response of the testes was maintained throughout the 28 days compared to day one 
but was highly variable. E2 triggered production of Vtg in the male liver within 7 days and 
continued to stimulate production throughout the culture period, though at a lower amount than 
on day 7. 
Specific aim #2 had two components. The first was to determine if the HPG-L tissues could 
stimulate and respond to each other. This was accomplished by culturing brain and pituitary 
tissues together and using the supernatant from these tissues to stimulate the gonads . The gonads 
successfully responded to the brain and pituitary media, demonstrating that all three organs were 
functioning and able to communicate. The second portion of this experiment involved 
stimulation of female liver. The liver responded to media from a culture that contained brain, 
pituitary, and ovary, by producing an increased amount of vitellogenin (Vtg).  Importantly, no 
other combination of tissues triggered this response, indicating that all three organ components 
of the HPG-axis must be present and functional in order for the ovaries to produce enough E2 to 
stimulate Vtg production in the separate liver culture. 
 The second part of specific aim #2 was to evaluate whether the co-cultured HPG-L 
system responds to an endocrine disrupting compound (trenbolone acetate) in terms of E2, T, 
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Vtg, and 11-KT levels similarly to the fathead minnow response in vivo based upon a previous in 
vivo study (Ankley et al. 2003). The hypothesis was that the HPG-L co-culture will respond to a 
known EDC with changes in hormone concentration that resemble changes seen in vivo better 
than an individual ovary or testis would. The entire HPG-L co-culture system was then 
challenged with trenbolone (TRB), a known EDC, to evaluate the responsiveness of all of these 
tissues together compared to responses of just a gonad and how these relate to reported in vivo 
responses in fathead minnow (Ankley et al. 2003). The hormone concentrations in the co-culture 
system mimicked those of the in vivo study, while the gonad response was much less similar to 
the in vivo response. Ankley et al. found that in female fathead minnow E2 and testosterone (T) 
had a U-shaped response in which there was an initial decrease in E2 and T concentration but 
then the concentration increased as the doses increased. The same effect was seen in the co-
culture in this study. TRB also caused an increase in E2 in males, which was also seen in the co-
culture and testis cultures of this study. This co-culture system was validated as a responsive 
system to EDCs through this research.  
 The third aim of this research was to create a microenvironment using biomaterials and a 
microfluidic device that simulates blood flow through liver and HPG organs, including feedback 
mechanisms among tissues, with the hypothesis that conditions that resemble the in vivo 
environment of tissues can be mimicked through biomaterial embedding and microfluidic device 
encapsulation. Steps were made that will lead to extensive research in this field. The mechanical 
stiffness of the HPG-L tissues has not been previously studied in fish. Here, the stiffness of these 
tissues was examined using two methods. The information obtained in these experiments can be 
applied to the tailoring of biomaterial stiffness. Alginate stiffness was adjusted by changing the 
concentration of the curing solution. By manipulating the stiffness, the alginate can be tailored to 
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the stiffness of the tissues, which has been found in previous studies to improve cell function and 
viability (Banerjee et al. 2009, West et al. 2007). 
 A microfluidic device was developed here that enables media flow through rocking 
motion. This type of device has been successful for pharmacodynamic-pharmacokinetic research 
at the microfluidic scale (Sung et al. 2010). Hormone communication and sustained viability was 
not examined in the scope of this project. However, the development of this device provides 
initial steps for studying this system in more depth. 
 
Future Directions 
 This research can branch out into several large research projects based on the successful 
co-culture system presented here. The current system can be tested for the production of 
additional hormones, challenged with other endogenous hormones, and stressed with other EDCs 
for comparison to in vivo data. The main avenue of future research for this system is the 
continued development of biomaterial and microfluidic platforms for tissue interactions.  
A four tissue co-culture system was challenged here with one EDC and measured for four 
major hormones. This culture can be measured for additional hormones such as FSH, LH, GnRH 
and their response to endogenous hormones or EDCs. Evaluating the response of the system to 
addition of neurotransmitters GABA and glutamate could benefit our understanding of their roles 
in the HPG axis and their inhibitory and stimulatory effects on the release of GnRH. Some 
media, including the L-15 used for this culture system, include L-glutamine, which can be 
converted into glutamate. Because glutamate can act as a stimulant for GnRH release, media 
with and without L-glutamine should be compared, as well as direct addition of glutamate and 
GABA to evaluate the system. It would be expected that addition of glutamate would increase 
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release of GnRH and cause a cascade that increases the sex steroid levels. On the other hand, 
addition of GABA should? inhibit GnRH release and lead to lower levels of sex steroids. 
It would also be interesting to test the effects of melatonin on this system. Melatonin is a 
hormone that causes the release of maturation inducing hormone (MIH) and gonadotropin 
inhibiting hormone (GnIH). It would be expected that addition of melatonin to the system would 
cause a reduction in sex steroids because melatonin would cause MIH to change the pathway of 
cholesterol toward maturation of the gonads rather than production of sex steroids, while also 
reducing the signal for sex steroid production through inhibition of GnRH release through 
increased GnIH. 
This system would also benefit from challenges with other known EDCs, such as fadrozole. 
Fadrozole causes reduced plasma E2 in vivo due to its interference in the biosynthetic pathway 
via inhibition of aromatase (Ankley et al. 2002). This EDC would be ideal to further validate the 
system by targeting a different mechanism of action than TRB. Based on the data from the TRB 
study, it would be expected that the HPG-L co-culture would respond to fadrozole similarly to 
the response of the in vivo response seen by Ankley’s lab (Ankley et al. 2002). 
Testing mixtures that may contain more than one EDC, as well as known combinations of 
EDCs, may be the most powerful aspect of this in vitro system. Effluents, such as oil sands 
process-affected water (OSPW) or agricultural runoff contain combinations of EDCs that could 
counteract each other, have additive effects, or have nonadditive effects. Examining these 
mixtures in the co-culture system could help identify the effects they would have in vivo. 
Continued study of the mechanical properties of these tissues combined with additional 
embedding experiments can result in several biomaterials tailored to each specific HPG-L tissue. 
Knowledge of the biomaterial properties that suit each of these tissues will be beneficial in the 
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study  of each isolated tissue. Finding appropriate biomaterial properties for neural stem cells, for 
example, has been critical to learning more about stem cell differentiation and fate (Banerjee et 
al. 2009) and nervous system repair (Skop et al. 2013). Information generated through culturing 
fathead minnow brains in tailored biomaterials could contribute to this state of knowledge of 
neural cell biology.  
Biomaterial suitability for the other organs would be beneficial for research in those organ 
systems as well. Fish HPG-L tissue properties have not been reported previously and research to 
improve culture of these tissues in biomaterials would be beneficial to in vitro aquatic 
ecotoxicology research. 
Research on the microfluidic platform itself might logically proceed in a number of 
directions. One very interesting area to study with this system would be the development of in-
line sensors. The microfluidic device currently depends upon media removal for any hormone, 
which is an invasive method of monitoring or evaluating the system. Sensors have successfully 
been integrated into microfluidics previously to monitor molecules such as glucose (Yang et al. 
2013) or processes such as respiration (Pires et al. 2013) in real-time. There is great potential to 
incorporate sensors into this device to detect changes in hormone concentration, as well as 
indicators of general tissue health. 
Implementation of sensors that detect the hormones that have already been measured in this 
culture system would be a very good place to start. Major hormones involved in reproductive 
function have been examined here including E2, T, 11-KT, and Vtg. Sensors that enable analysis 
of these hormones in real-time would help researchers better understand the sequence of real-
time changes in the HPG-L axis when exposed to an EDC. Once these major hormone sensors 
are developed, more details of the HPG-L axis can be explored with sensors for FSH, LH, 
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GnRH, and other hormones involved in the endocrine system. Hormones such as gonadotropin 
inhibiting hormone (GnIH) and maturation inducing hormone (MIH) play lesser roles in the 
HPG-axis (Chapter 1). Sensing these hormones could provide insight into more subtle changes 
caused by exposure of the system to individual and combinations of EDCs with multiple modes 
of action. 
The EDC and hormone challenges described as future studies for the current system design 
would also be good challenges for the microfluidic device design. Using inline sensors would 
enable much more precise understanding of the temporal changes within the reproductive axis of 
the endocrine system. The microfluidic chip would be considered successful if it could predict in 
vivo responses to EDCs reliably and reproducibly. Even use of a single male liver could be an 
effective device if it responds to estrogenic sources. The consistent response of the microfluidic 
device to EDCs in a similar manner as fathead minnow in vivo would validate the system and 
make it useful as a model for EDC and mixture testing. 
 The use of Raman spectroscopy to generate healthy tissue imaging could lead to non-
invasive evaluation of tissue viability. The current methods used to evaluate cellular health and 
viability require terminal assays. Raman spectroscopy could benefit this system because 
measurements can be made without damaging the tissue. Therefore, the status of tissue health 
could be monitored throughout the study period. The attempt to use Raman spectroscopy in this 
project resulted in low signal-to-noise of the measurement and strong endogenous 
autofluorescence from the specimen, which degrades the collected signal. These are problems 
that can be fixed, but require more skill and resources than were available in the scope of this 
project. Working in this field of imaging research could lead to beneficial understanding of the 
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tissue health in this system, benefiting the overarching goal of the in vitro HPG-L culture for 
evaluating EDCs. 
 Finally, the premise of the project will be useful for studying other currently known 
EDCs and their impact on the HPG-L axis, as well as chemicals with unknown endocrine action. 
Continued exploration of this system can lend itself toward becoming an important link in the 
chain of in vitro studies to real-world adverse outcomes. The evidence presented here supports 
this culture system as a bridge between individual gonad cell culture and in vivo research. Use of 
this system can lead to better understanding of how in vitro cultures relate to living organisms, 
which are then linked to population and ecosystem level impact. The idea of this co-culture 
system can be further expanded to other organisms and provide useful information for the effect 
of EDCs on multiple components of the ecosystem and provide a better prediction of ecotoxicity.  
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